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ABSTRACT 

We present a comprehensive analysis of a bright, long duration (T 90 ~ 257 s) 
GRB 110205A at redshift * = 2.22. The optical prompt emission was detected 
by Swift/ UVOT, ROTSE-IIIb and BOOTES telescopes when the GRB was 
still radiating in the 7 -ray band. Thanks to its long duration, nearly 200 s of 
observations were obtained simultaneously from optical, X-ray to y-ray (1 eV - 
5 MeV), which makes it one of the exceptional cases to study the broadband 
spectral energy distribution across 6 orders of magnitude in energy during the 
prompt emission phase. In particular, by fitting the time resolved prompt spectra, 
we clearly identify, for the first time, an interesting two-break energy spectrum, 
roughly consistent with the standard GRB synchrotron emission model in the 
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fast cooling regime. Although the prompt optical emission is brighter than the 
extrapolation of the best fit X/ 7 -ray spectra, it traces the 7 -ray light curve 
shape, suggesting a relation to the prompt high energy emission. The synchrotron 
+ synchrotron self-Compton (SSC) scenario is disfavored by the data, but the 
models invoking a pair of internal shocks or having two emission regions can 
interpret the data well. Shortly after prompt emission (~ 1100 s), a bright ( R = 
14.0) optical emission hump with very steep rise (a ~ 5.5) was observed which 
we interpret as the emission from the reverse shock. It is the first time that the 
rising phase of a reverse shock component has been closely observed. The full 
optical and X-ray afterglow lightcurves can be interpreted within the standard 
reverse shock (RS) + forward shock (FS) model. In general, the high quality 
prompt emission and afterglow data allow us to apply the standard fireball shock 
model to extract valuable information about the GRB including the radiation 
mechanism (synchrotron), radius of prompt emission (Rqrb ~ 3 x 10 13 cm), 
initial Lorentz factor of the outflow (To ~ 250), the composition of the ejecta 
(mildly magnetized), as well as the collimation angle and the total energy budget 
(6 = 4.4°, E 1 = 1.4 x 10 51 erg and 6 = 3.1°, E 1 = 6.9 xlO 50 erg for scenarios where 
the early optical rise largely explained by FS+RS and RS only, respectively). 

Subject headings: gamma rays: bursts : individual : GRB 110205A 


1. Introduction 

Gamma-Ray Bursts (GRBs) are extremely luminous explosions in the universe. A 
standard fireball model (e.g. Rees & Meszaros 1992, 1994; Meszaros & Rees 1997; Wijers, 
Rees & Meszaros 1997; Sari, Piran & Narayan 1998; see e.g. Zhang & Meszaros 2004, 
Meszaros 2006 for reviews) has been developed following their discovery in 1973 (Klebesadel, 
Strong & Olson 1973) to explain their observational nature. It is generally agreed that 
the prompt emission typically originates from internal shocks while the afterglow emission 
originates from external shocks that may include both forward shock and reverse shock 
components (Meszaros & Rees 1997, 1999; Sari & Piran 1999). 

The leading radiation mechanisms of the GRB prompt emission are synchrotron radia- 
tion, synchrotron self-Compton (SSC), and Compton upscattering of a thermal seed photon 
source (e.g. Zhang 2011 for a review). All these mechanisms give a “non-thermal” nature 
to the GRB prompt spectrum. Observationally, the prompt spectrum in the 7 -ray band 
can be fit with a smoothly broken power- law called the Band function (Band et al. 1993). 
Since this function is characterized by a single break energy, it can not adequately fit the 
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spectrum if the spectral distribution is too complex. For example, the synchrotron mecha- 
nism predicts an overall power-law spectrum characterized by several break frequencies: v a 
(self-absorption frequency), v m (the frequency of minimum electron injection energy), and 
v c (cooling frequency) (Sari & Esin 2001). However, due to instrumental and observational 
constraints, it is almost impossible to cover the entire energy range and re-construct the 
prompt spectrum with all three predicted break points. Thus, despite its limited number of 
degrees of freedom, the Band function is an empirically good description for most GRBs. 

The Swift mission (Gehrels et al. 2004), thanks to its rapid and precise localization 
capability, performs simultaneous observations in the optical to q-ray bands, allowing broad- 
band observations of the prompt phase much more frequently than previous GRB probes. 
This energy range may also span up to 6 orders of magnitude (e.g. GRB 090510, Abod et al. 
2009; De Pasquale et al. 2010) if a GRB is observed by both the Swift and Fermi satellites 
(Atwood et al. 2009; Meegan et al. 2009). Some prompt observations have shown signa- 
tures of a synchrotron spectrum from the break energies (z/ m ,z/ c ) (e.g. GRB 080928, Rossi 
et al. 2011). Prompt optical observations can also be used to constrain the self-absorption 
frequency v a (Shen & Zhang 2009), but, so far, no GRB has been observed clearly with more 
than two break energies in the prompt spectrum. Meanwhile, early time observations in the 
optical band provide a greater chance to detect reverse shock emission which has only been 
observed for a few bursts since the first detection in GRB 990123 (Akerlof et al. 1999). 

Here we report on the analysis of the long duration GRB 110205A triggered by the 
Swift / BAT (Barthelmy et al. 2005). Both prompt and afterglow emissions are detected 
with good data sampling. Broadband energy coverage over 6 orders of magnitude (1 eV - 
5 MeV) during prompt emission makes this GRB a rare case from which we can study the 
prompt spectrum in great detail. Its bright optical ( R = 14.0 mag) and X-ray afterglows 
allow us to test the different external shock models and to constrain the physical parameters 
of the fireball model. 

Throughout this paper we adopt a standard cosmology model with Ho = 71 km s” 1 
Mpc -1 , Qm = 0.27 and Ha = 0.73. We use the usual power-law representation of flux 
density F(z/) oc t -c V~ /3 for the further analysis. All errors are given at the 1 a confidence 
level unless otherwise stated. 
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2. Observations and Data Reductions 
2.1. Observations 

At 02:02:41 UT on Feb. 5, 2011 (T 0 ), the Swift / BAT triggered and located GRB 
110205A (trigger=444643, Beardmore et al. 2011). The BAT light curve shows many over- 
lapping peaks with a general slow rise starting at T 0 -120 s, with the highest peak at T 0 +210 
s, and ending at T 0 +1500 s. T 90 (15-350 keV) is 257 ± 25 s (estimated error including 
systematics). GRB 110205A was also detected by WAM (Sugita et al. 2011, also included 
in our analysis) onboard Suzaku (Yamaoka et al. 2009) and Konus-Wind (Golenetskii et 
al. 2011; Pal’shin 2011) in the y-ray band. A bright, uncatalogued X-ray afterglow was 
promptly identified by XRT (Burrows et al. 2005a) 155.4 s after the burst (Beardmore et al. 
2011). The UVOT (Rorning et al. 2005) revealed an optical afterglow 164 s after the burst 
at location RA(J2000) = 10 h 58 m 3R.12, DEC(J2000) = +67°31’31”.2 with a 90%-conhdence 
error radius of about 0.63 arc second (Beardmore et al. 2011), which was later seen to 
re-brighten (Chester and Beardmore 2011). 

ROTSE-Illb, located at the McDonald Observatory, Texas, responded to GRB 110205A 
promptly and confirmed the optical afterglow (Schaefer et al. 2011). The first image started 
at 02:04:03.4 UT, 82.0 s after the burst (8.4 s after the GCN notice time). The optical 
afterglow was observed to re-brighten dramatically to 14.0 mag ~ 1100 s after the burst, 
as was also reported by other groups (e.g. Klotz et al. 201 la, b; Andreev et al. 2011). 
ROTSE-llIb continued monitoring the afterglow until it was no longer detectable, 1.5 hours 
after the trigger. 

Ground-based optical follow-up observations were also performed by different groups 
with various instruments, some of them are presented by Cucchiara et al. (2011) and Gendre 
et al. (2011). In this paper, the optical data includes: Global Rent-a-Scope (GRAS) 005 
telescope at New Mexico (Hentunen et al. 2011), 1-m LOAO telescope at Mt Lemmon 
Optical Astronomy Observatory (Im & Urata 2011), Lulin One-meter Telescope (LOT; Urata 
et al. 2011), 0. 61-rn Lightbuckets rental telescope LB-0001 in Rodeo, NM (Ukwatta et al. 
2011), 2-m Himalayan Chandra Telescope (HCT; Sahu et al. 2011), Zeiss-600 telescope at 
Mt. Terskol observatory (Andreev et al. 2011), 1.6-m AZT-33IK telescope at Sayan Solar 
observatory, Mondy (Voinova et al. 2011) as well as Burst Observer and Optical Transient 
Exploring System (BOOTES 1 and 2 telescopes), 1.23-m and 2. 2-m telescope at Calar Alto 
Observatory and 1.5m OSN telescope which are not reported in the GCNs. 

The redshift. measurement of GRB 11 0205 A was reported by three independent groups 
with z = 1.98 (Silva et al. 2011), £ = 2.22 (Cenko et al. 2011; Cucchiara et al. 2011) and 
£ = 2.22 (Vreeswijk et al. 2011). Here we adopt z = 2.22 for which two observations are in 
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very close agreement. 


2.2. Data reductions 


The data from Swift and Suzaku , including UVOT, XRT, BAT and WAM (50 keV - 
5 MeV), were processed with the standard HEAsoft software (version 6.10). The BAT and 


al. 2007, 2009, 2010), with the light curves background subtracted. For the XRT data, 


up corrections were applied if necessary, especially at early times when the source was very 
bright. The UVOT data were also processed with the standard procedures. A count rate was 
extracted within a radius of 3 or 5 arcseconds depending on the source brightness around 
the best UVOT coordinates. The data in each Elter were binned with St/t = 0.2 and then 
converted to flux density using a UVOT GRB spectral model (Poole et al. 2008; Breeveld 
et al 2010, 2011). 

For the ground-based optical data, different methods were used for each instrument. 
For the ROTSE data, the raw images were processed using the standard ROTSE software 
pipeline. Image co-adding was performed if necessary to obtain a reasonable signal-to-noise 
ratio. Photometry was then extracted using the method described in Quimby et al. (20C 
Other optical data were processed using the standard procedures provided by the IRA 
software. A differential aperture photometry was applied with the DAOPHOT package in 
IRAF. Reference stars were calibrated using the photometry data from SDSS (Smith et al. 
2002). Clear (C) band data were calibrated to R band. 

The spectral fitting, including WAM, BAT, XRT and optical data, was performed using 
Xspec (version 12.5). We constructed a set of prompt emission spectra over 9 time intervals 
during which the optical data were available. Data from each instrument were re-binned to 
the same time intervals. In the afterglow phase, SEDs in 4 different epochs were constructed 
when we have the best coverage of multi-band data from optical to X-rays: 550 s, 1.1 ks, 
5.9 ks and 35 ks. All the spectral fittings were carried out under Xspec using \ 2 statistics, 
except the 1.1 ks SED of the afterglow, for which C-statistics was used. 

41 http://www. swift. ac.uk/burst_analyser/ 

42 IRAF is distributed by NO AO, which is operated by AURA, Inc., under cooperative agreement with 


XRT data were 


further automatically processed by the Burst Analyser (Evans et 



windowed timing (wt) data and photon counting (pc) data were processed separately. Pile- 



NSF. 


3. Multi- Wavelength Data Analysis 


3.1. Broad-band prompt emission, from optical to 7 -rays 

Thanks to its long duration (T 90 = 257 ± 25 s), GRB 11 0205 A was also detected by 
XRT and UVOT during the prompt emission phase starting from 155.4 s and 164 s after 
the trigger, respectively. Both XRT and UVOT obtained nearly 200 s of high quality and 
well sampled data during the prompt phase. ROTSE-IIIb and BOOTES also detected the 
optical prompt emission 82.0 s and 102 s after the trigger, respectively. Together with the 
7-ray data collected by BAT (15 keV - 150 keV) and Suzaku / WAM (50 keV - 5 MeV), these 
multi-band prompt emission data cover 6 orders of magnitude in energy, which allow us to 
study the temporal and spectral properties of prompt emission in great detail. 



Fig. 1. — Prompt light curves of GRB 110205A from Swift BAT (green), XRT(red) and 
UVOT(6/we). Arbitrary scale. For the UVOT data, the first data point is in v, but has been 
normalized to white band, the rest of the data are in white. The vertical lines partition 9 
intervals for constructing the prompt spectra, where Int A and B are averaged ones. 

Figure Q] shows the prompt light curves from Swift BAT (green), XRT (red) and UVOT 
(blue). The BAT light curve shows multiple peaks until at least To+300 s with a peak count 
rate at T 0 +210 s. The XRT data show a decay phase from a very bright peak at the start 
of XRT observations, followed by smaller peaks with complicated variability. The UVOT 
observations were performed mainly in the white band, except for the first point that was 
observed in the v band but has been normalized to white using the late time UVOT data. 
The UVOT light curve shows only two major peaks. The first small peak (146 - 180 s) shows 
weak correlation with the BAT. After ~40 s, it re-brightens to its second and brightest peak 
at 209 s, coinciding with the brightest 7-ray peak in the BAT light curve. Overall, the optical 
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data are smoother, and trace the BAT data better than the XRT data. 


Several vertical lines shown in Figure 1 partition the light curve into 9 different inter- 
vals according to the UVOT significance criterion to obtain time-resolved joint- instrument 
spectral analysis using the XRT, the BAT and the WAM data. Since the prompt emission 
of GRB 110205A is observed by multiple instruments, the systematic uncertainty among the 
instruments to perform the joint analysis must be carefully understood. 


The energy response function of XRT has been examined by the observations of super- 
nova remnants and AGNs with various X-ray missions such as Suzaku and XMM-Newton. 
According to the simultaneous observation of Cyg X-l between XRT (WT mode) and 
Suzaku/XIS^ the photon index and the observed flux agree within ~ 5% and ~15% re- 
spectively. The spectral calibration of BAT has been based on Crab nebula observations at 
various boresight angles. The photon index and the flux are within ~5% and ~10% of the 
assumed Crab values based on Rothschild et al. (1998) and Jung et al. (1989). Similarly, the 
WAM energy response has been investigated using the Crab spectrum collected by the Earth 
occultation technique (Sakamoto et al. 2011a). The spectral shape and its normalization 
are consistent within 10-15% with the result of the INTEGRAL SPI instrument (Sizun et 
al. 2004). The cross- instrument calibration between BAT and WAM has been investigated 
deeply by Sakamoto et al. (2011b) using simultaneously observed bright GRBs. According 
to this work, the normalization of the BAT-WAM joint fit agrees within 10-15% to the BAT 
data. The cross-instrument calibration between XRT (WT mode) and BAT has been inves- 
tigated by the simultaneous observation of Cyg X-l. Both the spectral shape and the flux 
agree within 5-10% range between XRT and BAT0 In summary, based on the single instru- 
ment and the cross-instrument calibration effort, the systematic uncertainty among XRT, 
BAT and WAM should be within 15% in both the spectral shape and its normalization of 
the spectrum. To accomodate systematic uncertainties, we include a multiplication factor 
in the range 0.85 to 1.15 for the flux normalization for each instrument. 


We first applied the spectral analysis to the time-average interval B (intB, see Figure |T| 
for interval definition) and find that the photon index in a simple power-law model derived 
by the individual instrument differs significantly. The photon indices derived by the XRT, 
the BAT and the WAM spectra are —1.12 ± 0.03, —1.71 ± 0.04 and — 2.271 q 27 , respectively 
(also listed in Table [TJ spectral fitting errors in Table [I] and in this section are given in 90% 
confidence). Since these differences are significantly larger than the systematic uncertainty 
associated with the instrumental cross-calibration (the systematic error in the photon index 


43 http://swift.gsfc.nasa.gov/docs/heasarc/caldb/swift/docs/xrt/SWIFT-XRT-CALDB-09_vl6.pdf 
44 The presentation in the 2009 Swift conference: http://www.swift.psu.edu/swift-2009/ 
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is ±0.3 for the worst case as discussed above), the apparent change of spectral slope is very- 
likely intrinsic to the GRB. Thus, the observed broad-band spectrum requires two breaks to 
connect the XRT, the BAT and the WAM data. 


According to the GRB synchrotron emission model, the overall spectrum should be a 
broken power-law characterized by several break frequencies (e.g. the self-absorption fre- 
quency u a , the cooling frequency v c , and the frequency of minimum electron injection energy 
v m ). However, the well known Band function, which only includes one break energy, cannot 
represent the shape of the more complex spectrum of this particular event, therefore we 
extended the analysis code, Xspec, to include two additional spectral functions. The first 
one is a double “Band” spectrum with two spectral breaks, which was labelled bkn2band : 


'AE<*exp(-E/E 0 ), if E < - /3) 


f(E) 


A[AM^(a — j3)] a Pexp((3 — a)E^exp(—E/Ei), 
< - /?) < ^ < (/? - t)^i 


Pex P(P~ a )- 

[(P-'y)E 1 ]f’^exp('y-P)Ei, 
if E>^- 1 )E 1 


( 1 ) 


where A is the normalization at 1 keV in unit of ph cm -2 s ^ 1 keV -1 , a, /?, and 7 are the 
photon indices of the three power law segments, and E 0 and Ei are the two break energies. 
However, when fitting the spectrum using this new bkn2band model, the third power law 
index 7 , is poorly constrained mainly due to the poor statistics in the high energy WAM 
data above 400 keV. For this reason, the second new model, bandcut, replaces the third 
power- law component with an exponential cutoff 


f(E) 


' AE a exp(—E / E q), if E< - /3) 

A[ ^° E f Q {a — /3)]" _/ 3 exp(/3 — a)E^exp{— E/Ef), 

if E 


( 2 ) 


45 Both bkn2band and bandcut new models can be downloaded from the following web page: 
http://asd.gsfc.nasa.gov/Takanori.Sakamoto/personal/, They can be used to fit future GRBs with simi- 
lar characteristics. 
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The new bandcut model can well represent the two-break characteristics of the prompt 
emission spectra. Figure [2] shows the XRT, BAT and WAM joint fit spectral analysis of intB 
based on the bandcut model and the Band function fit. The systematic residuals from the 
best fit Band function are evident especially in the WAM data. The best fit parameters based 
on the bandcut model are a = — OAOl^g, A 0 — 5.0loi keV, [5 = —1.54io!o9 an d E\ = 333l^g 
keV (y 2 /dof = 529.8/503). On the other hand, the best fit parameters based on the Band 
function are a = — 0.59+o;og, j3 = —1. 721^03 and Apeak = 9. 5^9 keV (y 2 /dof = 575.7/504). 
Therefore, Ay 2 (= X% a nd~Xbandcut ) between the Band function and the bandcut model is 45.9 
for 1 dof. To quantify the significance of this improvement, we performed 10,000 spectral 
simulations assuming the best fit Band function parameters by folding the energy response 
functions and the background data of XRT, BAT and WAM. Then, we determine how many 
cases the bandcut model fit gives y 2 improvements of equal or greater than Ay 2 = 45.9 for 
1 dof over the Band function fit. We found equal or higher improvements in none of the 
simulated spectra out of 10,000. Thus, the chance probability of having an equal or higher 
Ay 2 of 45.9 with the bandcut when the parent distribution is actually the Band function 
is <0.01%. A caveat for this simulation is that the statistical improvement of the joint fit 
may be not as high as this simulation indicates if the calibration uncertainties among the 
instruments are included. 

The same method is then applied to perform the joint spectral fitting to the remaining 
time intervals. Table [Tj shows the best fit results from the bandcut model. This is the first 
time when two spectral breaks are clearly identified in the prompt GRB spectra. The two 
breaks are consistent with the expectation of the broken power law synchrotron spectrum 
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Fig. 2. — The XRT (black), BAT (red) and WAM (green and blue) count spectra of intB 
with the bandcut model (left panel) and the standard Band function (right panel) fit. The 
improvement using bandcut model can be easily seen in the residual panel at the bottom. 
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(see discussion in 44.1 [) . 



Time since TO 2011/02/05-02:02:41 UT (s) 


Fig. 3. — Time evolution of different parameters from the time-resolved spectral fitting of 
GRB 110205A. Top panel has the same key as Figured] The two horizontal dotted lines in 
a and (3 panels are the predicted synchrotron photon index value for fast cooling phase from 
the standard GRB fireball model. Errors are given at 90% confidence except the top panel. 
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Table 1. Best spectral fit result from XRT, BAT and WAM joint fitting with bandcut 
model. The last three columns show the photon index from each single instrument fitting. 

Errors are given in 90% confidence. 


Int ti t 2 

a 

E 0 

P 

Ei 

X 2 / dof 

XRT 

BAT 

WAM 


inti 146 155 -0.401°;+;} 4.91++ -1.45l°+? 207l+° 8 126.4/137=0.92 -1.05l°;}} -1.68l°;°° -2.24±g;|g 
int2 164 194-0. 221^4 4.4±S;| -1.611}};},} 258/^ 5 269.7/256=1.05 -0.94±g;g| -1.811^6 -2.72l°;° 8 
int3 194 204-0.4ll°; 8 } 5.5l^ -1.441°;};} 264l??° 138.5/145=0.96 -0.991}};}? -1.62l°;° 8 -2.14±g;|| 
int4 204 214-0.26l°; 8 '} 4.1+ 8 j -1.261°+* 299l‘£ 5 107.6/146=0.74-0.911°;?° -1.451°;°}} -2.22±g;|g 
int5 214 224 -0.37±g;lJ 5.8ll}| -1.39±g;i? 273ljjj° 144.5/144=1.00 -0.871}};?}; -1.58±g;gg -2.42±g;^i 
int6 224 234-0.34+°;^ 4.4+?+ -1.53+°;}? 289^| 146.9/142=1.03 -1.00+°;°° -1.72±g;g| -1.98±g;g| 
int7 234 284-0.611J};}? 4.7±f;| -1.65±g;?| 342±?|g 248.8/233=1.07-1.24±g;gg -1.78±g;g| -2.001?;?}} 
intA 164 254-0.321°;}° 4.7±J;| -1.52l°+° 3461??}} 430.9/437=0.99 -l.OOl}};}};} -1.68±g;gt -2.281J};}? 
intB 164 314 -0.50±g;gg 5.0lJ;J -1.54l°+° 3331??}} 529.8/503=1.05 -1.12±g;gg -1.71±g;gt -2.27±g;l? 
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Figure [3] shows the evolution of different parameters from the time-resolved spectral 
fitting between 146 s and 284 s. The two break energies, E 0 and Ei, remain almost constant 
during this time range, with E 0 ~ 5 keV and Ei ~ 300 keV. However, the large errors for Eq 
and Ei prevent us from drawing a firmer conclusion regarding the temporal evolution of the 
two break energies. The low energy photon index, a, also shows no statistically significant 
evolution. However, the high energy photon index, /?, does show a weak evolution: it becomes 
slightly harder during the brightest BAT peak around 210 s. Over all, the a value during 
the time range is around -0.35 and (3 is around -1.5. The peak energy derived from interval 



Fig. 4. — Best fit prompt spectra of GRB 110205A, different colors present different intervals 
(see Figure |T] for interval definition). Note that WAM data above 400 keV is not shown in 
the figure due to large uncertainities when transforming counts to flux density in Xspec 
above this energy range. Intervals 2 to 7 are shifted by a factor of 10~ 2 accumulatively for a 
purpose of clarity. UVOT optical data is not included during the fitting, but it is shown in 
the best fit spectrum. Solid lines present the observed data while dashed lines present the 
prediction of best fit bandcut model. The two vertical lines show the mean value of Eo and 
Ei from the fitting. 
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B (intB) is E p = (2 + /3)Ei = 153^f keV. 

Although the UVOT optical data are not included in the spectral fitting, they are 
shown in the best fit spectra in Figure U For all the intervals, the optical data are above 
the extrapolation of the best spectral fits for high energies. A speculation may be that the 
observed a is somehow harder than the expected value of the synchrotron model. However, 
even if we set a to the predicted value, -2/3, the optical data are still above the best fit 
spectra in some intervals. This suggests that the optical emission may have a different origin 
from the high energy emission (see §T]for more detailed discussion). 


3.2. Afterglow analysis 

3.2.1. Light curves 




Fig. 5. — GRB 110205A light curves from XRT data ( pink cross) and optical data, including 
C band ( red diamond) and R band ( blue square). Two scenarios are considered. Both 
scenarios consider superposition of FS (dashed line) and RS (dotted line) contribution. The 
main difference is that Scenario I (left panel) considers the optical peak is dominated by both 
FS and RS combination while Scenario II considers the optical peak is mainly dominated 
by RS only. The dot-dashed line represents the steep decay phase for X-ray data. The solid 
line represents the combination of all components. 

Shortly after the prompt emission, the optical light curve is characterized by a surpris- 
ingly steep rise and a bright peak around 1100 s. The early steep rise, starting around 350 s, 
is observed by both ROTSE and UVOT and the peak, which is wide and smooth, reaches R 
= 14.0 mag at 1073 s after the burst. Such a bright peak around this time with such a steep 
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rise is rare and unusual (Oates et al. 2009; Panaitescu & Vestrand 2011) and has only been 
reported in a few cases (e.g. Voinova et al. 2010; Nardini et al. 2011). A peak brightness of 
R = 14.0 mag at ~ 1100 s after the burst ranks the optical afterglow as one of the brightest 
ever observed in this same time range (Akerlof & Swan 2007). Following the peak, the light 
curve decays monotonically, as shown in Figure [5l and displays a slight flattening around 
3000 s. Around 5 x 10 4 s, there is a re-brightening feature observed in the g', r', i', z ' bands 
by LOT (Figure [6]) and a final steepening is observed after ~ 10 5 s. Overall, no substantial 
color evolution is observed in the optical band. 

The X-ray data show a different temporal behavior (see also Figure [5]). Shortly after 
the prompt emission, the light curve has a very steep decay, between 350 s and 700 s. This 
is followed by a small re- brightening bump around 1100 s, the peak time of the optical light 
curve, and a monotonic decay afterwards. 


The light curves were fit with one or the superposition of two broken-power- law func- 
tions. The broken power-law function has been widely adopted to fit afterglow light curves 
with both the rising and decay phases (e.g. Rykoff et al. 2009) and works well for most 
cases (e.g. Liang et al. 2010). The function can be represented as: 


/ 



1 + 



s(al— ot.2) _i 

s 


( 3 ) 


where / is the flux, R is the break time, al and a2 are the two power law indices before and 
after the break, and s is a smoothing parameter. According to this definition, the peak time 
t p , where the flux reaches maximum, is 

/ al \ s ( al ~ a2 ) 

tp = h V^2 ) 


We first tried one broken power law component, and found that it could not fully represent 
the feature near the optical peak, mainly because of its unusually late and steep rising 
feature, which was not observed in previous GRBs, and a slight flattening feature around 
3000 s after the peak shown in R band. Noticing that there is a peak both in the optical and 
the X-ray light curves around 1100 s and that the optical light curve flattens around 3000 s, 
we speculate that there is a significant contribution of emission from the reverse shock (RS). 
A RS contribution to the X-ray band has not been well identified in the past. Theoretically, 
the RS synchrotron emission peaks around the optical band so that its synchrotron extension 
to the X-ray band is expected to be weak. In any case, under certain conditions, it is possible 
that the RS synchotron (Fan & Wei 2005; Zou et al. 2005) or SSC (Kobayashi et al. 2007) 
emission would contribute significantly to the X-ray band to create a bump feature. In order 
to account for both the FS and the RS components, we fit both the optical and X-ray light 
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curves with the superposition of two broken-power-law functions. For the X-ray light curve, 
an additional single power-law component was applied for the steep decay phase, as usually 
seen in Swift afterglows (e.g. Tagliaferri et al. 2005). 

Two light curve models have been adopted. The standard afterglow model predicts that 
the blast wave enters the deceleration phase as the reverse shock crosses the ejecta (Sari & 
Piran 1995; Zhang et al. 2003). If the FS u m is already below the optical band at the crossing 
time, both the FS and the RS would have a same peak time (t p ) in the optical band. This 
defines our first scenario, in which the optical peak is generated by both the RS and the FS. 
If, however, u m is initially above the optical band at the deceleration time, the FS optical 
light curve would display a rising feature (oc t 1 / 2 , Sari et al. 1998) initially, until reaching a 
peak at a later time when u m crosses the optical band. This is our second scenario. In this 
case, the early optical peak is mostly dominated by the RS component. This is the Type I 
light curve identified in Zhang et al. (2003) and Jin & Fan (2007). We now discuss the two 
scenarios in turn. 

Scenario I : We first fit the optical R band, and then use the best fit t p to constrain 
the X-ray band fitting. A late time break is invoked to fit both the R band and X-ray light 
curves. However, we exclude the re-brightening feature around 5xl0 4 s in the optical band, 
and the steep decay phase of X-rays before 300 s, which is likely the tail of the prompt 
emission (Zhang et al. 2006). For the FS component, the rising temporal index is fixed to 
be 3 based on the slow cooling ISM model during the pre-deceleration phase (e.g. Xue et al. 
2009). The rising slope of the RS component is left as a free parameter to be constrained from 
the data. The best fit results are summarized in Tableland shown in Figure [5] (left panel). 
The red dot, and blue dashed lines represent the RS and FS components, respectively. The 
black solid line is the sum of the all components. 

Next we apply the same best i?-band fit parameters and re-scale to the optical data in 
other bands. The results are shown in Figure [6] (left panel). Light curves in different bands 
are properly shifted for clarity. As we can see, the model quite adequately describes most 
light curves. The only exception is the UVOT-u band, in which the model curve overpredicts 
the early time flux between 300 s to 600 s. 

Scenario II : In this scenario, the bright peak around 1100 s and the steep rise phase at 
early times in the optical band are contributed by the RS only. The FS component shows 
up later. According to the afterglow model, the FS component is characterized by a double 
broken power law with a rising index +3 before the deceleration time (t p of the RS), +0.5 
before the FS peak, and a normal decay (decay index to be fit from the data) after the FS 
peak (e.g. Sari et al. 1998; Zhang et al. 2003; Xue et al. 2009). The best fit results for the 
R band are also summarized in Table [2l In the X-ray band, we still use a similar model as 


Table 2. Best fit result from R band and X-ray light curves. 



Scenario I 


Scenario II 


Par 

Optical 

X-ray 

Optical 

X-ray 

FS 


FS 

a f i 

3* 

3* 

3* —>0.5* 

3* 

t P (s) 

1097T57 

1097* 

3257il45 

1020* 

F„ (Jy) 

5.30xl0~ 3 

1.73 xlO -6 

4.08X10" 4 

1.46xl0~ 7 


14.41 mag 


17.19 mag 


a/2 

-I.49i0.01 

-1.62i0.05 

-1.02i0.03 

1 

o 

o 

* 

t jb (s) 

lxlO 5 * 

1-53±S;| xlO 5 

2.52i0.3xl0 4 

7.8i2.8 xlO 4 

a f3 

-2.24i0.17 

-2.09il.32 

-1.64i0.04 

-2.23i0.67 

RS 



RS 


Qf r l 

4.52i0.37 

3.83i0.32 

5.5* 

5.5* 

tp(s) 

1097* 

1097* 

1020i7 

1020* 

Fp (Jy) 

1.88xl0~ 3 

3.83 xlO -6 

7.22xl0 -3 

3.59xl0 -6 


15.53 mag 


14.07 mag 


a r 2 

-5.62±0.57 

-8.58il.14 

-2.10* 

-2.10* 



Steep decay 


Steep decay 

^ sd 

-4.76i0.05 

-4.53i0.03 


indicates the parameter is fixed during the fitting 
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Scenario I with a superposition of a RS and a FS component. The model parameters are not 
well constrained, especially for the X-ray peak around 1100 s due to its narrow peak. We 
tried to fix several parameters in order to reach an acceptable fitting for this scenario. The 
results are shown in Figure 0 (right panel). Similar to Scenario I, we then used the same 
model and parameters derived from the R band fit re-scale to other light curves. The results 
are shown in Figure [6] (right panel), again with shifting. This scenario can well explain the 
early fast rise behavior in all bands. 

Comparing the two scenarios, we find that Scenario 1 can represent most optical data, 
and can better account for the X-ray data than Scenario If. However, it can not well match 
the early very steep rise in the UVOT-u band. On the other hand, Scenario II, can represent 
the early fast rising behavior in all the optical band (including UVOT-u band), but the fits 
to the X-ray data are not as good as Scenario I. We note that our scenario II is similar to 
another variant of scenario II recently proposed by Gao (2011), but we conclude that the 
optical data before ~ 350 s are generated by the optical prompt emission. 


3.2.2. Afterglow SED analysis 

In order to study the spectral energy distribution (SED) of the afterglow, we selected 4 
epochs when we have the best multi-band data coverage: 550 s, 1.1 ks, 5.9 ks and 35 ks. Since 
no significant color evolution is observed in the optical data, we interpolate (or extrapolate 



Fig. 6. — Optical light curves of GRB 110205A re-scaled from R band best fit. The early 
fast rise behavior in optical band can be better explained by Scenario II (right panel) than 
Scenario I (left panel). 
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if necessary) the optical band light curve to these epochs when no direct observations are 
available at the epochs. The optical data used for constructing the SED are listed in Table 
El The X-ray data are re-binned using the data around the 4 epochs. The spectral fitting 
is then performed using Xspec software. During the fitting, the Galactic hydrogen column 
density, N # , is fixed to 1.6 x 10 20 cm -2 (Kalberla et al. 2005), and the host galaxy hydrogen 
column density is fixed to 4.0 x 10 21 cm -2 . These are derived from an average spectral 
fitting of the late time XRT pc data. We tried both the broken-power-law and the single 
power-law models for the afterglow SED. For the broken-power- law model, we set T 2 = Ti 
- 0.5, assuming a cooling break between the optical and X-ray bands. Meanwhile, we also 
investigated the use of three different extinction laws, namely the Milky Way (MW), Large 
and Small Magellanic Clouds (LMC and SMC), for the host galaxy extinction model. The 
E(B-V) from the Galactic extinction is set to 0.01 (Schlegel et al. 1998) during the fitting. 
The best fit results are listed in Table 01 



0.001 0.010 0.100 1.000 
Energy (keV) 


Fig. 7. — Afterglow SED of GRB 110205A at 35 ks. Black data are the observed data, red 
data are the predicted value from the model. Dotted line is the original power-law model 
without absorption or extinction. 

The 5.9 ks and 35 ks SEDs have the best data coverage, and they are ascribable to the 
FS component only. We therefore use these two SEDs to constrain the extinction properties 
of the afterglow. We find that the SMC and LMC dust models provide acceptable and better 
fits than MW dust model. The data are equally well fit by the broken-power-law and the 
single power-law model. For the broken-power-law model, the break energy is found to be 
within the optical band (0.0025 ± 0.0006 keV). Within the 3 -a error, one cannot separate 
the optical and X-ray data to two different spectral regimes. The lack of clear breaks in 
optical light curves between 5.9 and 35 ks also disfavors the possibility of the break energy 
passing through the optical band. 


Table 3. 


SED data (in magnitude) at 4 different epoch 


time 

550 s 

1.13 ks 

5.9 ks 

35 ks 

uvwl 

20.13i0.50 

16.91i0.18 

19.71i0.30 

22.50±0.70 

u 

17.13i0.20 

14.98±0.06 

17.50±0.10 

20.47±0.30 

b 

17.54i0.16 

15.23i0.05 

17.92±0.07 

20.97±0.30 

V 

17.13±0.30 

14.68±0.06 

17.45i0.14 

20.63±0.50 

white 

17.80±0.12 

15.25i0.05 

17.92±0.05 

20.74±0.22 

U 

_ 

_ 

17.74±0.1 

20.69i0.1 

B 

- 

- 

18.05±0.1 

20.86i0.1 

V 

- 

- 

17.24±0.1 

20.20i0.1 

R 

16.07±0.20 

14.10±0.06 

16.84±0.1 

19.73i0.1 

I 

- 

- 

16.39±0.1 

19.21i0.1 

g 

_ 

_ 

_ 

20.76i0.07 

r 

- 

- 

- 

20.12i0.05 

i 

- 

- 

- 

19.76i0.06 

z 

- 

- 

- 

19.46i0.09 
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3.3. Host galaxy search 



• • 

^ GRB110205A, r-band, Texp=14x60£)s 

DATE-OBS: : 2 ^-2 6 . 05 . 2B11 , CAHA 2.2m (+BUSCA) « 


Fig. 8. — Host galaxy searching from 2.2m Calar Alto telescope taken in r' band. The center 
of the circle indicates the afterglow location. No clear source is detected down to r' ~ 24.8 
within 5” of the afterglow location. 

We have performed a deep search for the host galaxy of the GRB. Observations were 
performed with the 2.2 m Calar Alto telescope 3.7 months after the burst. Images were 
taken with the BUSCA instrument in the u', g', r' and i' bands under good seeing condition, 
with image resolution of ~ 0.9”. Co-adding was applied to a set of individual images in 
order to obtain a deeper limiting magnitude. Figure [8] shows one of the images taken in the 
r' band. The center of the circle indicates the afterglow location. 

No clear source was detected near the afterglow location within a radius of 5”. The 
typical 3cr upper limits (AB magnitudes) are: u' ~ 24.1, g' ~ 24.4, r' ~ 24.8 and i' ~ 25.2. 
A non-detection of the GRB host galaxy at r' ~ 24.8 is not surprising since a lot of GRB 
host galaxies are faint (e.g. Savaglio et al. 2009) or not detected at all (e.g. Ovaldsen et 
al. 2007). It is also superseded by the much deeper observation reported by Cucchiara et 
ah (2011) down to upper limit of r' ~ 27.21 magnitudes. At redshift £=2.22, a magnitude 
of r' ~ 27.2 corresponds to an absolute magnitude M r / ~ -19.1, the upper limit is fainter 
than 70% of the GRB host galaxies compared with large host galaxies samples searched 
systematically by some groups (see Figure 3. in Jakobsson et al. 2010; Pozanenko et ah 
2008). 
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Tabic 4. SED fitting at different epoch 


Model 

time 

E(B-V) 

Ti 

E b (keV) 

r 2 =ri+o.5 

Norm 

X 2 /dof 

MW 

Bknplaw 








550 s 

0 1 1+0.02 
U,li -0.02 

-| qn+0.033 
l-OD_o.o34 

0 41+0-074 
u,4ll -0.107 

1.86 

n 9 q+0.039 
U.ZO-0019 

124.8/81=1.54 


1.13 ks 

n iq+0.009 
u - iy -0.004 

9 1 n+ 9-9 ^l 
zxu - 0.022 

4 94"*~1So 

^•y^-4.93 

2.60 

0.038tt; 3 o 9 /-- 3 3 

13.6/4=3.6 


5.9 ks 

0 I g+ 0.02 

uxu - 0.007 

1 cQ+0.0100 

x.oy _ 0 027 

1.00E-03±i;“l! 

2.09 

0.086l 4 ; 3 0 4 f- 3 

20.2/23=0.88 


35 ks 

n i q+o. 009 
u -- LO — 0.008 

1 cy+O.Oll 
x, °* - 0.012 

1.70E-03j;8;“|l® 

2.07 

4.03E-03l 2 1 ;«| = 4 

38.9/22=1.77 

MW 

plaw 








550 s 

0.26 

. 

. 

1.70 

0.14 

179.8/82= 2.19 


1.13 ks 

0 19 + 000 9 

u - xy -0.009 

- 

- 

9 -1 n + 0.022 
Z - 1 U — 0.022 

0-038tg;g° 4 

13.6/5=2.72 


5.9 ks 

0 16 +0 020 
U,1U -0.019 

- 

- 

2 09+°- 027 
-0.027 

O-027+^I 4 

20.2/24= 0.84 


35 ks 

0.13 

- 

- 

2.07 

1.59E-04 

55.6/23= 2.42 

LMC 

Bknplaw 








550 s 

0 in +0 021 
U - 1U — 0.017 

-1 on+0.033 
i- 0 ^— 0.033 

n qc+0.0951 
U. 9D_o . 151 

1.89 

H 9^+0-076 

u.zo-o 027 

116.1/81= 1.43 


1.13 ks 

0 1 g+o.03.3 
u - xu — 0.004 

1 64"*~ 0013 
i- u ^-0. 030 

9 qq+2.60£/ — 3 
Z - C, °3.34S— 3 

2.14 

n 79 +O.O 35 
u - ' z -0.027 

8.5/4=2.13 


5.9 ks 

n 1 0 + 0.018 

u - xo -0.019 

1 £?i +0.099 
1-O1-0.049 

2.87E-03j;J;°^:J 

2.11 

0.05l±g;gg5 

16.1/23= 0.70 


35 ks 

0 in+O - 006 

u,xu -0.007 

1 c r + 0.016 

1.OO-0.014 

2.07E-03j;|;iJ|:i 

2.05 

3.70E-03+ 2 ; 3 ®®: 4 

26.4/22= 1.20 

LMC 

plaw 








550 s 

0 94+ 0023 
0.021 

- 

- 

1 7 C + 0.033 
i* *°-0.031 

0 141 + 3,93 ^ - 3 
u - x ^ x — 3.85.E— 3 

162.5/82= 1.98 


1.13 ks 

0 14+0- 006 
u ‘ x -0.006 

- 

- 

2 09+°-° 21 
z,u - 0.021 

0.039+ 4 «!: 3 

13.9/5=2.78 


5.9 ks 

0 in+O - 011 
U> 1 U - 0.011 

- 

- 

9 Q4 + 0 - 020 
Z-Uft — 0.020 

2.71E-03t°;°“- 4 

19.4/24= 0.81 


35 ks 

n r\ ' 7 + 0 . 006 

u - u -0.009 

- 

- 

9 ni +0.015 
Z-UX — 0.015 

1.65E-04lJ;° 4 g:°* 

39.0/23= 1.70 

SMC 

Bknplaw 








550 s 

0 no+0-016 

U.Uo_o,oi4 

1 qo+0.032 
i.oo_q 032 

n 07 +O.O 9 
u -' 3 ‘ -0.14 

1.88 

0 9 c ;+0 068 

u.zo-o 026 

114.3/81= 1.41 


1.13 ks 

nil +0.005 
u ‘ xx — 0.005 

9 nc+ 0.020 
z ‘ ud - 0.021 

5 05+ — 4-93 

9.UO _ 4 93 

2.56 

0.039+l 5 2 ^: 3 

24.7/4=6.18 


5.9 ks 

0 09+ 0 005 

u.uy _ 0 004 

1 <5fi + 0 024 

i' <JU — 0.028 

2 74E-03+ 9 ‘ 4£ ' -4 
uo _ 5i05£7 _ 4 

2.06 

0 052+ 5,57£!— 3 
u - uo -7. 14 .E _ 3 

17.3/23= 0.75 


35 ks 

0 no+0-005 

U.U»_o 006 

1 54+ 0016 
i ,o ^-0. 013 

2.43E-03+g®|f/+ 

2.04 

3 42E-03+ 278£ ' -4 
Vd_2.75E_4 

24.3/22= 1.1 

SMC 

plaw 








550 s 

0.19 

. 

. 

1.75 

0.136 

189.5/82= 2.31 


1.13 ks 

n -11 +0.005 
U. 11—0.005 

- 

- 

2 nn + 0 021 

z.uu-o 020 

0 039"*" 4 ’ 40 "® - 3 

u.uo »_ 4 12E-3 

24.7/5=4.14 


5.9 ks 

0 07 + 0 - 007 
u - u< -0.007 

- 

- 

2 oi + 0 017 
z,ux — 0.017 

2.68E-031 33 ®: 4 

22.5/24=0.94 


35 ks 

0 05+° ° 05 
u ‘ uo -0.006 

- 

- 

1 98" 1 ” 0,014 
1-^0-0.013 

1.65E-04+° 3 ^ 3 

36.7/23=1.60 
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4. Theoretical Modeling 

The high-quality broad band data of GRB 11 0205 A allow us to model both prompt 
emission and afterglow within the framework of the standard fireball shock model and derive 
a set of parameters that are often poorly constrained. In the following, we discuss the prompt 
emission and afterglow modeling in turn. 


4.1. Prompt emission modeling 

4-1.1. General consideration 

The mechanism of GRB prompt emission is poorly known. It depends on the unknown 
composition of the jet which affects the energy dissipation, particle acceleration and radiation 
mechanisms (Zhang 2011). In general, GRB emission can be due to synchrotron, SSC in the 
regions where kinetic or magnetic energies are dissipated, or Compton scattering of thermal 
photons from the photosphere. Within the framework of the synchrotron-dominated model 
(e.g. the internal shock model, Rees & Meszaros 1994; Daigne & Mochkovitch 1998, or the 
internal magnetic dissipation model, e.g. Zhang & Yan 2011), one can have a broken power 
law spectrum. Two cases may be considered according to the relative location of the cooling 
frequency u c and the synchrotron injection frequency v m \ fast cooling (z/ c < i/ m ) or slow 
cooling phase (y m < v c ). The spectral indices are sumarized in Table 0 (e.g. Sari et al. 
1998). 

For GRB 110205A, one may connect the two observed spectral breaks ( E 0 and Ei) to u c 
and u m in the synchrotron model. Since the spectral index above Ei is not well constrained 
from the data, we focus on the regime below Ei. The expected spectral density (F u ) power 
law index is -0.5 or -(p-l)/2, respectively, for the fast and slow cooling cases. The observed 
photon index /3 ~ —1.5 matches the fast cooling prediction closely. It is also consistent 
with slow cooling if the electron spectral index p = 2. For standard parameters, the prompt 
emission spectrum is expected to be in the fast cooling regime (Ghisellini et al. 2000). Slow 
cooling may be considered if downstream magnetic fields decay rapidly (Pe’er & Zhang 2006). 
The data are consistent with either possibility, with the fast cooling case favored by the close 
match between the predicted value and the data. 


Table 5. Spectral indices from synchrotron spectrum prediction 


fast cooling 


slow cooling 

v <v a 
2 

u a < v < u c 
1/3 

u c < v < v m 

-1/2 

Vm <V 

-p/2 


v <u a 
2 

U a <V < U m 

1/3 

v m <v <v c 
-(p-l)/2 

v c <v 

-p/2 

Observed mean* 


~0.6 

~ -0.5 



Note: spectral index = T + 1, i.e. , a and f3 in bandcut model 
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Below Eq (which corresponds to v c for fast cooling or u m for slow cooling), the syn- 
chrotron emission model predicts a spectral index of 1/3. The observed mean value is ~ 
0.60, which is harder than the predicted value. Considering the large errors of the spectral 
indices, this is not inconsistent with the synchrotron model. Furthermore, if the magnetic 
fields are highly tangled with small coherence lengths, the emission may be in the “jitter” 
regime. The expected spectral index can then be in the range of 0 to 1, consistent with the 
data (Medvedev 2006). 

Overall, we conclude that the observed prompt spectrum is roughly consistent with the 
synchrotron emission model in the fast cooling regime. This is the first time when a clear 
two-break spectrum is identified in the prompt GRB spectrum that is roughly consistent 
with the prediction of the standard GRB synchrotron emission model. 

The detection of bright prompt optical emission in GRB 110205A provides new clues 
to GRB prompt emission physics. The optical flux density of GRB 110205A is ~ 20 times 
above the extrapolation from the best fit X/y-ray spectra. On the other hand, the optical 
light curve roughly traces that of y-rays. This suggests that the optical emission is related 
to high energy emission, but is powered by a different radiation mechanism or originates 
from a different emission location. The case is similar to that of GRB 080319B (Racusin et 
al. 2008), but differs from that of GRB 990123 (Akerlof et al. 1999) where the optical light 
curve peaks after the main episodes of y-ray emission and is likely powered by the reverse 
shock (Sari & Piran 1999; Meszaros & Rees 1999; Zhang et al. 2003; Corsi et al. 2005). 

In the following, we discuss several possible interpretations of this behavior, i.e. the 
synchrotron + SSC model (Kumar & Panaitescu 2008; Racusin et al. 2008); the internal 
reverse + forward shock model (Yu, Wang & Dai 2009); the two zone models (Li & Waxman 
2008; Fan et al. 2009); and the dissipative photosphere models (e.g. Giannios 2008; Toma 
et al. 2010; Vurm et al. 2011). We conclude that the synchrotron + SSC model and 
the photosphere model are disfavored by the data while the other two models are viable 
interpretations. 


4-1.2. Synchrotron + SSC 

Since the spectral shape of the SSC component is similar to the synchrotron component 
(Sari & Esin 2001), the observed two-break spectrum can be in principle due to SSC while the 
optical emission is due to synchrotron. This scenario is however disfavored since it demands 
an unreasonably high energy budget. The arguments are the following: 


We take interval 2 as an example since its flux varies relatively slowly. Let hu opt 
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10~ 2 ' 3 keV and hu JtP = Eq ~ 10 0,7 keV, the latter being the peak frequency of F v for the 
SSC component). Observations suggest that F v _ jp f F vopt ~ 20, (see Figure |4] and Table [[]). 
Dehne v PySyn as the synchrotron F u peak frequency, and /3 opt the spectral index around v opt 
{F v oc vP° pt ). Then the Compton parameter can be written as 


Y = 


'hpFv. 7>p / {y p,syn^Vp 


10 {Vp, S yn/Vopt) 


1 (3 opt 


( 5 ) 


The inverse-Compton (IC) scattering optical depth is r e ~ F v /F v ~ Yu psyn /v liP ~ 

10 13 (Vp,syn/Vopt)~ Popt - 

One constraint ought to be imposed for the SSC scenario, that is - the high energy 
spectrum of the synchrotron component at the lower bound of the X-ray band, i.e. , v x = 0.3 
keV, must be below the observed flux density there. Since the spectral indices below and 
above u liP are consistent with 1/3 and —1/2, respectively, and the synchrotron spectral slope 
above its peak resembles that of its SSC component, one can express this constraint in terms 
of F Vpsyn {y x / Vp'gyn)- 1 / 2 < F Vip {b> x /^ 1 ,p) l/Z - With numbers plugged in, this translates to a 
lower limit on the Compton parameter: 

Y > 10 2 ' 5 (lSp !S y n / Vopt) 1 ^ 2 - ( 6 ) 


The inferred high Y (Eq. [5]) and r e values would inevitably lead to an additional spectral 
component due to the 2nd-order IC scattering (Kobayashi et al. 2007; Piran et ah 2009). 
The 2nd IC F v spectrum peaks at hu lc2 ~ hv 1)P Y/T e ~ 10 0 7 (v PtSy n/ ^o P t)~ l MeV, with a 
flux density ~ T eF Ulp ~ 10 L3 F u (u PtSyr i/i' opt )~ l3opt - The nice fit of the bandcut model to 
the XRT-BAT-WAM spectrum rules out a 2nd IC peak below 1 MeV (see Figure 0J, which 
poses a constraint u P!Syn /u op t < 5. 

We then get a constraint Y > 10 4 and r e > 10! This would lead to a serious energy 
crisis due to the 2nd IC scattering. For v P:Sy n/ v op t 1, the 2nd IC scattering might be 

in the Klein-Nishina regime and then be significantly suppressed, but the synchrotron peak 
flux density would be self-absorbed causing the seed flux insufficient for the 1st IC scattering 
(Piran et ah 2009). In conclusion, the SSC scenario is ruled out due to the high Y value 
inferred. 


4- 1.3. Internal reverse-forward shocks 

Next we consider the internal shock model by calculating synchrotron emission from the 
reverse shock (RS) and forward shock (FS) due to the collision of two discrete cold shells 
(e.g., Rees & Meszaros 1994; Daigne & Mochkovitch 1998; Yu et ah 2009). If the two 
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shells have high density contrast, the synchrotron frequencies would peak around the 7-ray 
(reverse) and optical (forward) bands, respectively. 

We first derive the frequency and flux ratio between the two shocks (Kumar & McMahon 
2008). We define shell “1” as the fast moving, trailing shell, and shell “2” as the slower, 
leading shell. We use subscript ‘s’ to represent the shocked region. The pressure balance at 
the contact discontinuity gives (e.g., Shen, Kumar & Piran 2010) 

(7, - I)m = (r|. - l)n 2 , (7) 


where r ls and r 2 ,s are the Lorentz factors (LFs) of the unshocked shells, respectively, mea- 
sured in the shocked region rest frame, and n 1 , 77.2 are the unshocked shell densities measured 
in their own rest frames, respectively. This equation is exact and is valid for both relativistic 
and sub-relativistic shocks. Using Lorentz transformation of LFs, the above equation can 
give the shocked region LF T s for given rii/n 2 , r 1; and T 2 . 


We assume that e e , e# and p are the same for both RS and FS. In the shocked region, 
the magnetic held energy density is U' B = B ,2 /8it = 4F(r — 1 je^n, where f is the relative LF 
between the downstream and upstream of the shock, which corresponds to T ls and T 2s for RS 
and FS, respectively. Since the internal energy density is the same in the RS and FS regions 
(due to pressure balance at contact discontinuity), it is obvious that the two shocked regions 
have the same B', independent of the strengths of the two shocks. The injection energy and 
the cooling energy of the electrons are oc (f — 1) and y c oc l/(U B t'), respectively. Since 
synchrotron frequency v oc Y S B'^ 2 , one finds the frequency ratios to be 

u m,l _ (Ids — 1)" fo ^ 

( r 1 ii2’ ' ' 

zv, 2 (r 2s - iy 


Thus, the injection frequency ratio can be determined for given r 1; T 2 and shell density ratio 
n\/n 2 . We numerically calculate ^1/^2 as a function of ni/n 2 and plot it in Fig. [9j and 
find that for different shell LF ratios zz m ,i/Un,2 lies between ( n\/n 2 ) _1 and (ni/n 2 )~ 2 . 

The maximum flux density is F umilx oc T s N e B', where N e is the total number of the 
shocked electrons. So one has Fk imax ,i/ -^k,max,2 = rni/m 2 , where m is the shock swept-up 
mass. We calculate the mass ratio in the rest frame of the shocked region. In this frame the 
density of the shocked fluid is 4Fn; the rate of mass sweeping is proportional to the sum of 
the shock front speed and the unshocked fluid speed. We then get 


mi _ Ti a m(l3 rs,s + Pis) 
m 2 r 2s n 2 (P sftS + P 2s )' 
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where the speeds /3’s are all defined positive and are measured in the shocked fluid rest frame; 
the subscript ‘rs’ and ‘/s’ refer to the RS and FS front, respectively. From the shock jump 
conditions (e.g., Blandford & McKee 1976), one gets 


(7 ~ 

1 + i/ri 


where 7 is the adiabatic index for a relativistic fluid. Using an empirical relation 7 = 
(4f + l)/(3f) to smoothly connect the sub-relativistic shock regime to the relativistic shock 
regime, we obtain ((3 rStS + (3 ls ) = 4/3 is / 3. Similar result applies to the FS front. Thus, Eq. 
(ROD becomes 

^h,max,l _ m 1 _ TuPisri! _ / ni \ 1/2 ^ 

F i/,max,2 m 2 T 2s (3 2 s n 2 \n 2 J 

where we have used Eq. (171) . This result is also numerically plotted in Figure [9j 



Fig. 9. — The ratios of the shock swept-up masses and synchrotron injection frequencies 
between the pair of shocks due to collision of two cold relativistic shells. The results are 
valid for both sub-relativistic and relativistic shocks, and are insensitive to T 2 as long as 
r 2 > 1. Note that these results can be extrapolated to the region of ni > n 2 , and each 
result is symmetric about the ( 1 , 1 ) point. 

According to Figure 0 in the internal RS-FS model, the optical emission shell must 
have a higher pre-shock density and a larger shock swept-up mass, hence should have a 
higher F^max- The analysis of GRB 110205A prompt X/ 7 -ray spectrum suggests that the 
characteristic synchrotron frequencies are hv c ^ ~ 5 keV and hu ma ~ 300 keV (see ( j3Tj) ; 
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then we have F V)Xaeoca / F U)0pt ~ 20, and v m ,~t/vopt ~ 6 x 10 4 . Therefore, if the internal RS-FS 
model would work for this burst, the maximum flux density of the optical producing shell 
F^max must be F uopt \ since the cooling frequencies of the two shells are equal (Eq. [5]), the 
optical shell must be in the slow cooling (u m < u c ) regime. 

In order to have the observed F Vt0pt much smaller than the optical shell F Vt max , either 
u opt has to be far below or far above u m , or the self-absorption frequency has to be v a > u opt , 
or both. In the following, we use the observed F Utiaaxn / F Ut0pt and v ma / o 0pt as constraints 
and v a lv opt (for the optical shell) as a free parameter, and derive the permitted relation 
between v ma /v m ,cypt and n 7 /n op t, where n 7 /n op t is the density ratio of the y-ray shell over 
the optical shell and is given by the maximum flux density ratio of the two shells (Eq. [12]) . 
We then overlay the permitted relations onto the internal RS-FS model predictions shown 
in Fig. 0 right panel, in order to find the permitted model parameter values, i.e. , shell LF 
ratio T fast/^siow, shell density ratio n^/n opt and v a /v opt . 

For the optical shell, the relation between F Vfipt and F v rnsx is determined according to 
the standard broken power law synchrotron spectrum (e.g. Sari et al. 1998; Granot & Sari 
2002), depending on the free parameter v a lv 0 pt which varies from < 1 to > 1. In addition, 
we impose an additional constraint that the high energy spectrum of the optical producing 
shell emission should not exceed the observed flux density at the lower bound of the X-ray 
band, i.e., at ux = 0.3 keV, so that the spectral slope there would not be inconsistent with 
the observed one. The final results are shown in Figure [TUI 

From Figure flOl we conclude that the prompt SED data of GRB 110205A can be repro- 
duced by the internal RS-FS synchrotron model under the following conditions: u mn / F m , op t ~ 
10 6 — 10 7 , riry/riopt « 10 -4 — 10” 3 , and Ua/^opt ~ 2 — 6 for the optical shell; and the LF ra- 
tio between the two shells falls into a wide range ~ 4 — 100. In Figure [TUI the electron 
index p = 3 has been adopted. A smaller p value only increases the inferred v mr1 /v m ,opt and 
decreases n 7 /n opt both by a factor < 10, without affecting the conclusion. 


4- 1-4- Emission radius 

The distance of the GRB emission region from the central engine (R-grb) has been 
poorly constrained. If prompt optical data are observed, one may apply the constraint on 
the synchrotron self-absorption frequency (u a ) to constrain Rgrb (Shen & Zhang 2009). One 
has to assume that the optical and y-ray emission are from essentially the same radius, which 
is valid for the internal RS-FS model. In the following, we will pose this constraint. 

For GRB 110205A, the synchrotron optical emission from the optically producing shell 
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Fig. 10. — The GRB 110205A-permitted v m . ri j v m ,opt versus n^/n opt relations for varying 
Va/Vopt values ( black lines), superimposed on the internal RS-FS model predictions ( colored 
lines, from the right panel of Fig. |9|). The locations where the data-permitted and the 
model predicted relations intersect correspond to the specific model parameter values with 
which the model could work for GRB 110205A. Electron index p — 3 is assumed. The 
shaded region is forbidden because there the flux density at v x = 0.3 keV in the emission 
spectrum of the optical producing shell will exceed the observed value of F U:X , causing the 
spectral slope inconsistent with the observed one. Note that for u a < the data-permitted 
L / m,'y / Vm,opt versus n 7 /n op i relations have no intersection with the internal RS-FS predictions 
unless riry/riopt is unreasonably small. 
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is self-absorbed and has the following frequency ordering: u m < v opt < v a < v c ( §4.1. 3p . For 
such a frequency ordering, u a is determined by (Slien & Zhang 2009) 


2y a m e v 2 a 


D l \ 2 (1 + z ) 3 

r r 


(13) 


where D L is the luminosity distance, F Ua is the observed flux density at i/ a , and q a = 
[16m e c(l + z)v a / (?>eB'T s)] 1 / 2 is the LF of electrons whose synchrotron frequency is u a . Ex- 
pressing F Va in terms of the self-absorbed optical flux density: F Ua = F U)0pt {u a /v op t ) 3 ^ , we 
hnd v a is canceled out in the above equation: 


2 m e 


( 16m e c\ 1//2 

V 3 eB' ) 


( R \ 2 (1 + 2 ) 7 ' 2 

\Dl) if 2 


F 7/" 5 / 2 
r u, opt 1 ' opt • 


(14) 


For an observed average F„ j0pt pz 10 1 ' 8 / nJy, hu opt ~ 10 2 3 keV and other numbers for GRB 
11 0205 A, we obtain 


Rgrb » 2.8 x 10 13 



B > \V 4 

— cm, 

io 5 g; 


(15) 


where we have normalized to 250, and B' to 10 5 G. The former normalization can be 
justified from the afterglow data ( 114. 2. 11) . The value of B' is loosely determined, and may be 
estimated B' ~ 10 6 ^L^Ris ^ 2 G, where ( < 1 is a constant parameter (Zhang & Meszaros 
2002). This gives B' ~ 10 5 G for the parameters of GRB 110205A. Interpreting E\ as v rn 
would also give rise to B' ~ 10 5 G if r is ~ 3 and e e ~ 0.1. We note that Rgrb is a weak 
function of B ', so that an estimate Rgrb ~ 3 x 10 13 cm is robust. This radius is consistent 
with the expectation of the internal shock model (e.g. Piran 2005). 

Note that in the Shen & Zhang (2009) method one has to assume both the optical and 
7-rays belong to the same continuum component and partly rely on the 7-ray low-energy 
spectral slope to constrain the u a location. However, this assumption is discarded in the case 
of GRB 110205A: it is inferred that in the internal RS-FS model the optical shell has u opt < u a 
( §4.1.3p . for which Rgrb is worked out without the aid of the 7-ray spectral information. 


4-1.5. Two-zone models 

The GRB 110205A prompt observations might be also interpreted if the optical emission 
region is decoupled from the 7-ray/X-ray emission regions. There are models which envisage 
that the 7-rays are produced in internal shocks at small radii between shells with large LF 
contrasts, while the optical emission is generated in internal shocks at larger radii by shells 
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with lower magnetic fields and smaller LF contrasts. This can happen in two scenarios. 
According to Li & Waxman (2008), even after collisions and mergers of shells with large 
LF contrasts, the outflow still comprises discrete shells with variations, though with reduced 
relative LFs, which could lead to the “residual” collisions at larger radii. Fan et al. (2009) 
considered a neutron-rich GRB outflow, in which free neutrons are decoupled from the 
proton shells until decaying at large radii. Violent collisions among the proton shells occur 
at smaller radii, while some later-ejected, slower, proton shells catch up with the decayed 
neutron shells at large radii and give weaker collisions. Both scenarios might work for 
GRB 110205A, since in either case, the large-radii collisions would bear a similar temporal 
information as the small-radii collisions, rendering a coarse optical-y-ray correlation. A 
defining property of these two-zone scenarios is that the optical pulses should display a 
larger variability time scale 5t than the y-ray pulses, and they should lag behind the y-ray 
pulses by ~ R opt /2T 2 c ~ 0.2 sR opt ,\^ 2 l s - These predictions could be tested by future, high 
temporal-resolution, prompt optical observations of similar bursts. 


^.1.6. Dissipative photosphere emission model 

Recently, several independent groups (e.g., Giannios 2008; Toma et al. 2010; Vurm et 
al. 2011) have developed an improved version of the photosphere emission model of GRB 
prompt emission. This model invokes energy dissipation in the Thomson-thin layer of the 
photosphere, so that the photosphere spectrum deviates from the thermal form through IC 
upscattering. The same electrons also emit synchrotron photons, which may account for 
the optical excess. However, the GRB 110205A data does not support this model, since the 
observed spectral shape (double breaks and spectral slopes) of the X/y-ray component is 
not predicted for the photosphere model, but is rather fully consistent with the standard 
synchrotron model (see section Id.l.ip . We conclude that the dissipative photosphere model 
does not apply at least to this burst. 


4.2. Afterglow modeling 

4-2.1. Initial Lorentz factor 

For both scenarios I and II, the optical peak time t p = 1097 ± 57 s corresponds to 
the deceleration time. Since this time is much longer than T 90 (~ 257 s), it is pertinent 
to consider a “thin” shell regime (Sari & Piran 1995). The peak time can be then used to 
estimate the initial Lorentz factor of the ejecta (e.g. Meszaros 2006; Molinari et al. 2007): 
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r 0 ~ 560(F 7 , iso , 52/770.2770^, 2 ,i) 1/8 , where E 7 ,j SO , 5 2 is the isotropic equivalent energy in units 
of 10 52 erg s _1 ; 770.2 is the radiative efficiency in units of 0.2; n 0 is local density in units of 
cm -3 and t p>z< 1 is the peak time corrected for cosmological time dilation in units of 10 s. For 
GRB 110205A, with redshift z = 2.22 and fluence of 2.7^' 7 4 x 10 -5 erg cm -2 (15 - 3000 keV, 
Sakamoto et ah 2011c), we derive the rest- frame 1 keV - 10 MeV isotropic energy E 7 ,j SO = 
46^7 x 10 52 erg. With f p , 2 , 1 = 34.1±1.8, we finally estimate 

E 0 = 24li[ 0 (77o. 2 77 0 r 1/8 . (16) 

This value follows the empirical relation T 0 ~ 182E 3 ' 23 ^52° 3 recently found by Liang et ah 
(2010) within 2-cr range. 


4-2.2. Light curves 


Scenario I : 

In this scenario, the optical bump around t p is mostly contributed by the FS. Fitting the 
light curves, one can constrain the temporal slopes of the RS component. In the A-band, the 
temporal indices are a r \ =4.52±0.37 (rising phase) and a r 2 = -5.62±0.57 (decaying phase), 
while in the X-ray band, they are a r \ = 3.83±0.32 (rising) and a r2 = -8.58±1.14 (decaying). 
The steep rising slope (~ 4) is consistent with the expectation in the thin shell ISM RS model 
(e.g. Kobayashi 2000, Zhang et ah 2003). The decaying slopes look too steep as compared 
with the theoretically expected values (e.g. ~ — 2 — (3 for the so-called “curvature” effect, 
Kumar & Panaitescu 2000). However, strictly speaking, the expected decay index is valid 
when the time zero point is placed to t p . The results are therefore not inconsistent with 
the theoretical expectations. Compared with other GRBs with the RS emission identified 
(which typically peaks around or shortly after the T90 duration), a RS emission peaking at 
~ 1100 s after the burst is rare and has not been seen before (though previously, the optical 
brightening in the ultra-long GRB 091024 was claimed by Gruber et ah 2011 to be caused 
by the rising RS, but its data coverage is very sparse and the RS origin was not exclusively 
determined, e.g., it could also be due to the FS peak in a wind medium). 

For the FS component, the rising index is set to +3 during the fitting for both the 
optical and X-ray bands. The decay index after the peak is fitted to a Q f 2 = -1.49±0.01 in 
the optical band, and ct-xfi = -1.62±0.05 in the X-ray band. We also constructed two SEDs 
at the epochs 5.9 ks and 35 ks during the decay phase. We find that the only model that 
satisfies the closure relation (e.g. Sari et ah 1998; Granot & Sari 2002; Zhang & Meszaros 
2004) is the ISM model in the v m < v Q < v x < v c spectral regime. For example, our SED 
at 5.9 ks gives a spectral slope f3 ~ —1.01 ± 0.02 across the entire energy band. The optical 


35 


temporal decay index a Q = —1.49 ± 0.01 matches the expected closure relation a = (3/2 )/3 
well. The X-ray decay slope axj 2 — -1.62±0.05 within 3 -a error is consistent with the closure 
relation. The electron energy index, p = —2/3 + 1 ~ 3.0, is also consistent with its value 
derived from the temporal index index p = (—4 a + 3)/3 = 2.99 ± 0.02 derived from a Q and 
p = 3.16 ± 0.07 derived from a x . 

At late times around ~ 10 5 s, the decay index becomes steeper in both the optical and 
X-ray bands, which is probably caused by a jet break. From the X-ray data, one can fit 
a jet break at tjb = 1.53+q; 4 x 10 5 s - Due to the large errors of optical data at this time, 
the break time in optical band cannot be well fit with the optical data alone. The data are 
however consistent with having an achromatic break. We therefore fix tjb = 10 5 s to fit the 
optical light curves. The post-break temporal indices are consistent with a jet break without 
significant sideways expansion, which is predicted to be steeper by 3/4. The jet angle can be 
calculated using (Sari et al. 1999) 9 = |(pp) ( ^"' ? °' 2 r2 ) ^ ■ Taking mean tjb — 1.3 x 10 5 s 

= 1.5 days, and E 1 j SOt 52 = 46.0, we derive 9 = (4.4l^o)°. With a beaming factor of the 
corresponding jet-anglc-corrected energy is E 7 = 1.4 x 10 51 erg. 

Scenario II : 

In this scenario, the early steep rise and bright peak is dominated by the RS component 
only. It can also be well explained by a ISM model in the thin shell regime. Within this 
scenario, the FS component shows up and peaks later. The FS peak is defined by u m crossing 
the optical band. There should also be a break time in the FS light curve at the RS peak 
t p , which is caused by the onset of the afterglow. After the FS peak, the afterglow analysis 
is similar to Scenario I. We find the best afterglow model for this scenario is the ISM model 
assuming v m < v c < v Q < v x . From the spectral index f3 = -1.01, one can derive p = 2.02. 
Since a ~ 1.0 for both optical and X-ray, the closure relation a = (3/3+1) /2 is well satisfied. 

The jet break time derived from this scenario is somewhat earlier than Scenario I, which 
is ~ 2.5±0.3 x 10 4 s from the R band fitting and r\j 7.8±2.8 x 10 4 s from the X-ray data fitting. 
The value derived from the X-ray data is slightly later than the one from the R band data, 
but they are within 1.9 a error. If we adopt a mean break time of tjb — 5.1 x 10 4 s, the jet 
angle derived from this scenario is 9 = (3.l/Zom)°, which corresponds to a jet-angle-corrected 
energy of E 7 = 6.9 x 10 50 erg. 


4-2.3. RS magnetization 

The composition of the GRB ejecta is still not well constrained. Zhang et al. (2003) 
suggested that bright optical flashes generally require that the RS is more magnetized than 
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the FS, namely, the ejecta should carry a magnetic held flux along with the matter flux (see 
also Fan et al. 2002, Panaitescu & Kumar 2004 for case studies). Since GRB 110205A has 
a bright RS component, it is interesting to constrain the RS parameters to see whether it is 
also magnetized. For both scenarios 1 and II, since the peak time and maximum flux of both 
FS and RS can be determined (also shown in Table |2j), one can work out the constraints on 
the RS magnetization following the method delineated in Zhang et al. (2003). The same 
notations are adopted here as in Zhang et al. (2003). 

For Scenario I, the FS peaks at t x where v m j < v R < u c j, and then decays as F u j oc 
i)/4_ p or Scenario II, In the FS, one has v R < v m j < u c j at t x . The FS light curve 
still rises as t 1 ^ 2 , until reaching t p j where u R = u m j < v c j. We define ( t P}T , F U)P)T ) and 
{t p j, F up j) as the peak times and peak flux densities in optical for RS and FS, respectively. 
Similar to those presented in Zhang et al. (2003), it follows naturally from the above that 


t p j I 1, for scenario I 

tp,r , for scenario II 


(17) 


{ 9 _„ p f~ pr 

T x Pf U B a ^ 2 > for scenario I 

Pr-l (fo) 

2 , for scenario II 

Note that Scenario I is actually a special case of = 1 of the more general Scenario II. The 
results are identical to those in Zhang et al. (2003) except that we do not use the RS decay 
slope a r j after t x as one of the parameters. This was to avoid the ambiguity of the blastwave 
dynamics after the shock crossing. Instead we keep p r in the formulae, and determine p r 
from the better understood RS rising slope before t x : a r j = (6 p r — 3)/2. 


For Scenario I, one can derive ~ 1, p r pa 2, pj pa 3 and ~ 0.35. Notice that the 
entire optical peak around t x is contributed mainly from the FS, which means p r is poorly 
constrained. So we take p r = pf ~ 3. Then from Eq. (TT8l) we get 

~ 6 r x /2 2 ~ 6.6. (19) 


For Scenario II, ~ 3.2, 3?^ pa 17.6 and p r pa 2.3. Plugging in numbers and from Eq. 
(TT7|) we have ~ r x /5.7. Combining it with Eq. (fT8]l and canceling out Jij,, we get 

~ 7 r°-Jf ~ 7.2. (20) 

The numerical values are obtained by taking T x = To/2 ~ 120. 

In both scenarios, the magnetic field strength ratio = B r /Bf is ~ 7. This suggests 
that the RS is more magnetized than the FS. Since the magnetic held in the FS is believed 
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to be induced by plasma instabilities (Weibel 1959; Medvedev & Loeb 1999; Nishikawa et 
al. 2009), a stronger magnetic field in the RS region must have a primordial origin, i.e. from 
a magnetized central engine. 


4-2.4- Discussion 

Both RS+FS scenarios can interpret the general properties of the broadband afterglow. 
However, each scenario has some caveats. For Scenario I, as explained above, the best fit 
model light curve is not steep enough to account for the data in the UVOT-u band ( a ~ 5 for 
R and a ^ 6 for UVOT-w if apply a single broken-power-law fitting). Since the inconsistency 
only occurs in the bluest band with adequate data to constrain the rising slope, we speculate 
that the steeper rising slope may be caused by a decreasing extinction with time near the 
GRB. No clear evidence of the changing extinction has been observed in other GRBs. In any 
case, theoretical models have suggested that dust can be destructed by strong GRB X-ray 
and UV flashes along the line of sight, so that a time- variable extinction is not impossible 
(e.g. Waxman & Draine 2000; Fruchter et al. 2001; Lazzati et al. 2002; De Pasquale et al. 
2003). For Scenario II, the model cannot well fit the X-ray peak around 1100 s. The main 
reason is that the required RS component to fit the optical light curve is not as narrow as 
that invoked in Scenario I. It is possible that X-ray feature is simply an X-ray flare due to 
late central engine activities, which have been observed in many GRBs (e.g. Burrows et al. 
2005b; Liang et al. 2006; Chincarini et al. 2007). 

In the late optical light curve around 5xl0 4 s, there is a re-brightening bump observed 
by LOT in four bands. Such bumps have been seen in many GRBs (e.g. GRB 970508, 
Galama et al. 1998; GRB 050820, Cenko et al. 2006; GRB 071025, Updike et al. 2008 
etc.), which are likely caused by the medium density bumps (e.g. Dai & Wu 2003; Nakar & 
Granot 2007; Kong et al. 2010). Microlensing is another possibility (e.g. Garnavich et al. 
2000; Gaudi et al. 2001; Baltz & Hui 2005), although the event rate is expected to be rather 
low. 


Interestingly, linear polarization at a level of P ~ 1.4% was measured by the 2.2 m 
telescope at Calar Alto Observatory (Gorosabel et al. 2011) 2.73-4.33 hours after the burst. 
During this time, the afterglow is totally dominated by the FS in Scenario I, or mostly 
dominated by the FS (with a small contamination from the RS) in Scenario II. The measured 
linear polarization degree is similar to several other detections in the late afterglow phase 
(e.g. Covino et al. 1999, 2003; Greiner et al. 2003; Efimov et al. 2003), which is consistent 
with the theoretical expectation of synchrotron emission in external shocks (e.g. Gruzinov 
& Waxman 1999). 
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5. Summary 

We have presented a detailed analysis of the bright GRB 11 0205 A, which was detected 
by both Swift and Suzaku. Thanks to its long duration, Swift XRT, UVOT, ROTSE-IIIb 
and BOOTES telescopes were able to observe when the burst was still in the prompt emission 
phase. Broad-band simultaneous observations are available for nearly 200 s, which makes 
it one of the exceptional opportunities to study the spectral energy distribution during the 
prompt phase. The broad-band time-resolved spectra are well studied. For the first time, 
an interesting two-break broken power law spectrum is identified throughout the observed 
energy range, which is roughly consistent with the synchrotron emission spectrum predicted 
by the standard GRB internal shock model. Shortly after the prompt emission phase, the 
optical light curve shows a bump feature around 1100 s with an unusual steep rise (a ~ 5.5) 
and a bright peak (R ~ 14.0 mag). The X-ray band shows a bump feature around the same 
time. This is followed by a more normal decay behavior in both optical and X-ray bands. 
At late times, a further steepening break is visible in both bands. 

The rich data in both the prompt emission and afterglow phase make GRB 110205A 
an ideal burst to study GRB physics, to allow the study of the emission mechanisms of 
GRB prompt emission and afterglow, and to constrain a set of parameters that are usually 
difficult to derive from the data. It turns out that the burst can be well interpreted within the 
standard fireball shock model, making it a “textbook” GRB. We summarize our conclusions 
as follows. 

1. The two-break prompt emission spectrum is highly consistent with the synchrotron 
emission model in the fast cooling regime. This is consistent with the internal shock model 
or the magnetic dissipation model that invokes first-order Fermi acceleration of electrons. 

2. The prompt optical emission is ~ 20 times greater than the extrapolation from the 
X/7-ray spectrum. Our analysis rules out the synchrotron + SSC model to interpret the 
optical + X/7-ray emission. We find that the prompt emission can be explained by a pair 
of reverse/forward shocks naturally arising from the conventional internal shock model. In 
a two-shell collision, the synchrotron emission from the slower shock that enters the denser 
shell produces optical emission and is self-absorbed while that from the faster shock entering 
the less dense shell produces the X/7-ray emission. The required density ratio of two shells 
is ~ 10" 4 - KT 3 . 

3. Assuming that the optical and X/7-rays are essentially from the same emission 
region, one can pinpoint the prompt emission radius to R ~ 3 x 10 13 cm by requiring that 
the synchrotron optical photons are self-absorbed. 

4. The data can be also interpreted within a two-zone model where X/7-rays are from a 
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near zone, while the optical emission is from a far zone. The dissipative photosphere model 
is inconsistent with the prompt emission data. 

5. The broad band afterglow can be interpreted within the standard RS + FS model. 
Two scenarios are possible: Scenario I invokes both FS and RS to peak at 1100 s, while 
Scenario 11 invokes RS only to peak at 1100 s, with the FS peak later when u m cross the 
optical band. In any case, this is the first time when a rising reverse shock - before its 
passage of the GRB ejecta (not after, when the reverse shock emission is fast decaying, like 
in GRB 990123 and a few other cases) - was observed in great detail. 

6. In either scenario, the optical peak time can be used to estimate the initial Lorentz 
factor of GRB ejecta, which is found to be r 0 ~ 250. 

7. From the RS/FS modeling, we infer that the magnetic field strength ratio in reverse 
and forward shocks is Kg = B r /Bf ~ 7. This suggests that the GRB ejecta carries a 
magnetic flux from the central engine. 

8. Jet break modeling reveals that the GRB ejecta is collimated, with an opening angle 
~ 4.4° (Scenario I) or ~ 3.1° (Scenario II). The jet-corrected y-ray energy is E 7 ~ 1.4 x 10 51 
erg or E 1 ~ 6.9 x 10 50 erg. 
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Table 6. Photomertric observations for GRB 110205A from ground-based telescopes 


T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

ROTSE-llIb 

135.5 

107.0 

17.79 

0.42 

C 

1695.7 

60.0 

14.84 

0.06 

C 

340.2 

282.2 

16.42 

0.11 

C 

1765.0 

60.0 

14.89 

0.08 

c 

520.5 

60.0 

16.33 

0.20 

C 

1834.2 

60.0 

15.04 

0.09 

c 

589.6 

60.0 

15.75 

0.12 

C 

1903.0 

60.0 

15.01 

0.07 

c 

658.4 

60.0 

15.25 

0.09 

C 

1971.8 

60.0 

15.22 

0.08 

c 

727.5 

60.0 

14.81 

0.06 

C 

2040.7 

60.0 

15.28 

0.08 

c 

796.6 

60.0 

14.50 

0.06 

C 

2109.5 

60.0 

15.23 

0.07 

c 

865.7 

60.0 

14.27 

0.05 

C 

2178.4 

60.0 

15.44 

0.11 

c 

935.1 

60.0 

14.19 

0.04 

C 

2247.2 

60.0 

15.40 

0.11 

c 

1004.3 

60.0 

14.08 

0.03 

C 

2384.7 

60.0 

15.51 

0.11 

c 

1073.5 

60.0 

14.06 

0.03 

C 

2453.9 

60.0 

15.46 

0.11 

c 

1142.7 

60.0 

14.14 

0.05 

C 

2660.7 

60.0 

15.71 

0.11 

c 

1211.9 

60.0 

14.18 

0.04 

C 

2868.0 

60.0 

15.83 

0.12 

c 

1281.0 

60.0 

14.31 

0.06 

C 

2937.2 

60.0 

16.02 

0.13 

c 

1350.3 

60.0 

14.40 

0.06 

C 

3075.3 

60.0 

15.82 

0.15 

c 

1419.5 

60.0 

14.53 

0.05 

C 

3144.5 

60.0 

15.96 

0.15 

c 

1489.1 

60.0 

14.53 

0.05 

C 

3213.4 

60.0 

16.00 

0.13 

c 

1558.0 

60.0 

14.55 

0.06 

C 

3593.1 

680.0 

16.15 

0.05 

c 

1626.6 

60.0 

14.67 

0.06 

C 

- 

- 

- 

- 

— 




LOT (AB magnitude) 





39647.6 

180.0 

20.95 

0.07 

g' 

43061.7 

300.0 

19.49 

0.06 

z' 

42062.9 

300.0 

21.05 

0.05 

g' 

39856.7 

180.0 

20.32 

0.05 

r ' 

45217.0 

600.0 

20.93 

0.03 

g' 

42392.9 

300.0 

20.47 

0.04 

r ' 

48824.2 

600.0 

20.90 

0.02 

g' 

45846.0 

600.0 

20.35 

0.04 

r ' 

52111.7 

600.0 

21.07 

0.03 

g' 

49453.2 

600.0 

20.42 

0.03 

r ' 

55478.8 

600.0 

21.25 

0.03 

g' 

52740.7 

600.0 

20.51 

0.02 

r ' 

58774.9 

600.0 

21.33 

0.04 

g' 

56108.6 

600.0 

20.70 

0.03 

r < 

62047.7 

600.0 

21.44 

0.04 

g' 

59404.8 

600.0 

20.80 

0.03 

r ' 

65421.7 

600.0 

21.55 

0.04 

g' 

62677.6 

600.0 

20.97 

0.04 

r ' 


Table 6 — Continued 


T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

40064.1 

180.0 

19.97 

0.06 


66052.4 

600.0 

20.98 

0.03 

r > 

42720.4 

300.0 

20.19 

0.05 

i' 

68767.1 

600.0 

21.08 

0.04 

r' 

46474.1 

600.0 

20.11 

0.03 

a 

69377.1 

600.0 

21.10 

0.04 

r' 

50079.6 

600.0 

20.13 

0.03 

i' 

69987.9 

600.0 

21.22 

0.05 

r' 

53368.0 

600.0 

20.31 

0.03 

a 

129844.0 

600.0 

22.50 

0.17 

r' 

56735.0 

600.0 

20.45 

0.04 

i' 

130563.0 

600.0 

22.54 

0.15 

r' 

60032.0 

600.0 

20.62 

0.04 


131174.0 

600.0 

22.36 

0.11 

r' 

63304.9 

600.0 

20.69 

0.05 

il 

133798.0 

600.0 

22.47 

0.09 

r' 

66678.8 

600.0 

20.81 

0.04 

i' 

134409.0 

600.0 

22.38 

0.09 

r' 

40287.9 

180.0 

19.68 

0.09 

z' 

135019.0 

600.0 

22.60 

0.12 

r ' 






HCT 





67639.0 

1080.0 

21.00 

0.04 

R 

72379.0 

600.0 

21.15 

0.04 

R 

69019.0 

540.0 

21.00 

0.05 

R 

- 

- 

- 

- 

— 





0.61-m 

Lightbuckets 





20747.0 

300.0 

18.67 

0.02 

C 

27549.9 

300.0 

19.19 

0.08 

R 





GRAS 005 





3536.8 

600.0 

15.98 

0.02 

C 

4248.7 

600.0 

16.44 

0.02 

R 

5327.4 

300.0 

16.51 

0.02 

c 

5857.5 

600.0 

16.89 

0.03 

R 

6902.9 

600.0 

17.02 

0.03 

c 

6378.8 

300.0 

17.10 

0.04 

R 

8366.9 

300.0 

17.33 

0.04 

c 

7992.8 

300.0 

17.62 

0.08 

R 





1.5 

-m OSN 





10152.2 

300.0 

18.93 

0.03 

B 

12747.2 

90.0 

18.15 

0.02 

R 

11527.2 

300.0 

19.07 

0.03 

B 

13337.9 

90.0 

18.18 

0.03 

R 

12426.7 

150.0 

19.17 

0.03 

B 

14361.8 

90.0 

18.34 

0.03 

R 

13091.5 

150.0 

19.21 

0.03 

B 

14856.1 

90.0 

18.32 

0.03 

R 

14115.7 

150.0 

19.32 

0.03 

B 

85598.9 

3300.0 

20.89 

0.05 

R 

14610.0 

150.0 

19.38 

0.04 

B 

10489.4 

300.0 

18.67 

0.06 

U 
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T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

76574.1 

400.0 

21.87 

0.17 

B 

11871.4 

500.0 

18.96 

0.06 

U 

9871.3 

240.0 

17.22 

0.02 

I 

13592.3 

500.0 

19.22 

0.06 

U 

11278.2 

240.0 

17.41 

0.02 

I 

9644.8 

180.0 

18.04 

0.02 

V 

12840.2 

200.0 

17.59 

0.02 

I 

11094.4 

180.0 

18.35 

0.02 

V 

13430.8 

120.0 

17.65 

0.03 

I 

12653.7 

90.0 

18.55 

0.02 

V 

14454.7 

120.0 

17.77 

0.03 

I 

13244.3 

90.0 

18.61 

0.03 

V 

14949.0 

120.0 

17.78 

0.03 

I 

14268.5 

90.0 

18.71 

0.04 

V 

77630.9 

300.0 

20.56 

0.19 

I 

14762.8 

90.0 

18.66 

0.04 

V 

9409.4 

180.0 

17.59 

0.02 

R 

76977.2 

350.0 

21.68 

0.19 

V 





1-m 

LOAO 





13101.0 

720.0 

19.32 

0.16 

B 

12846.0 

180.0 

18.16 

0.03 

R 

11974.0 

180.0 

18.14 

0.03 

R 

13273.0 

180.0 

18.22 

0.03 

R 

12416.0 

180.0 

18.11 

0.03 

R 

- 

- 

- 

- 

— 





BOOTES-1 





219.4 

117.0 

17.43 

0.38 

C 

2715.2 

49.0 

15.66 

0.07 

C 

1603.5 

48.0 

14.61 

0.05 

c 

2832.0 

64.0 

15.74 

0.07 

c 

2118.2 

48.0 

15.18 

0.05 

c 

3096.5 

197.0 

15.81 

0.04 

c 

2218.1 

48.5 

15.29 

0.05 

c 

3709.1 

413.0 

16.21 

0.04 

c 

2317.5 

48.0 

15.45 

0.06 

c 

4621.4 

495.5 

16.54 

0.05 

c 

2417.5 

48.5 

15.44 

0.06 

c 

5615.5 

495.5 

16.88 

0.08 

c 

2516.8 

48.0 

15.35 

0.05 

c 

6658.3 

545.0 

17.15 

0.08 

c 

2615.8 

48.0 

15.51 

0.07 

c 

8066.6 

859.5 

17.59 

0.10 

c 





BOOTES-2 





939.3 

5.0 

14.40 

0.04 

R 

6300.8 

363.5 

17.19 

0.04 

R 

994.7 

5.0 

14.24 

0.04 

R 

7149.9 

484.5 

17.42 

0.04 

R 

2015.1 

72.5 

15.26 

0.05 

R 

8362.6 

727.0 

17.65 

0.04 

R 

2375.1 

63.0 

15.63 

0.08 

R 

9818.1 

969.0 

17.98 

0.05 

R 

5120.9 

189.5 

16.67 

0.04 

R 

11758.0 

969.5 

18.16 

0.06 

R 
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Table 6 — Continued 


T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

5373.4 

187.0 

16.83 

0.04 

R 

13940.7 

1212.0 

18.52 

0.08 

R 

5748.5 

187.0 

17.10 

0.05 

R 

- 

- 

- 

- 

— 





1.23-m 

Calar Alto 





2467.0 

60.0 

15.59 

0.06 

R 

9692.0 

60.0 

17.88 

0.08 

R 

2582.0 

60.0 

15.64 

0.06 

R 

10202.0 

60.0 

17.91 

0.05 

R 

4198.0 

60.0 

16.48 

0.05 

R 

10712.0 

60.0 

18.02 

0.05 

R 

4661.0 

60.0 

16.60 

0.04 

R 

11215.0 

60.0 

18.05 

0.05 

R 

5107.0 

60.0 

16.73 

0.05 

R 

11336.0 

60.0 

18.10 

0.05 

R 

5559.0 

60.0 

16.85 

0.05 

R 

11835.0 

60.0 

18.15 

0.05 

R 

6008.0 

60.0 

16.99 

0.05 

R 

12337.0 

60.0 

18.26 

0.06 

R 

6461.0 

60.0 

17.05 

0.05 

R 

12844.0 

60.0 

18.26 

0.07 

R 

6909.0 

60.0 

17.23 

0.04 

R 

13353.0 

60.0 

18.28 

0.05 

R 

7358.0 

60.0 

17.41 

0.05 

R 

13905.0 

60.0 

18.34 

0.05 

R 

7804.0 

60.0 

17.49 

0.05 

R 

14018.0 

60.0 

18.41 

0.05 

R 

8670.0 

60.0 

17.73 

0.05 

R 

14128.0 

60.0 

18.35 

0.05 

R 

9182.0 

60.0 

17.75 

0.05 

R 

14239.0 

60.0 

18.45 

0.06 

R 





2.2-m 

Calar Alto 





9475.0 

100.0 

17.67 

0.03 

R 

12388.0 

500.0 

18.13 

0.03 

R 

10064.0 

500.0 

17.76 

0.03 

R 

12962.0 

500.0 

18.18 

0.03 

R 

10639.0 

500.0 

17.88 

0.03 

R 

13535.0 

500.0 

18.26 

0.03 

R 

11214.0 

500.0 

17.97 

0.03 

R 

14109.0 

500.0 

18.33 

0.03 

R 

11787.0 

500.0 

18.04 

0.03 

R 

14706.0 

500.0 

18.41 

0.03 

R 

15281.0 

500.0 

18.49 

0.03 

R 

- 

- 

- 

- 

— 





1.6-m 

AZT-33IK 





37988.0 

3060.0 

19.97 

0.08 

R 

62132.0 

6600.0 

20.94 

0.07 

R 





Zeiss-600 






794.0 


60.0 14.47 0.04 R 


2006.2 


60.0 15.26 0.06 V 


Table 6 — Continued 


T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

T-T 0 (s) 

Exp (s) 

Mag 

Error 

Filter 

853.6 

60.0 

14.18 

0.03 

R 

2068.4 

60.0 

15.55 

0.06 

V 

918.4 

60.0 

14.08 

0.02 

R 

2128.0 

60.0 

15.52 

0.06 

V 

1022.1 

60.0 

14.03 

0.02 

R 

2230.0 

2.0 

15.27 

0.05 

R 

1081.7 

60.0 

14.00 

0.02 

R 

2350.9 

2.0 

15.46 

0.05 

R 

1142.2 

60.0 

14.07 

0.02 

R 

2742.3 

2.0 

15.54 

0.06 

R 

1204.4 

60.0 

14.09 

0.02 

R 

3133.7 

2.0 

15.92 

0.09 

R 

1264.0 

60.0 

14.34 

0.02 

R 

3284.9 

2.0 

16.06 

0.08 

R 

1323.7 

60.0 

14.29 

0.03 

R 

3436.1 

2.0 

16.08 

0.04 

R 

1385.9 

60.0 

14.37 

0.02 

R 

3557.9 

2.0 

16.11 

0.04 

R 

1446.3 

60.0 

14.48 

0.03 

R 

3678.9 

2.0 

16.04 

0.06 

R 

1506.0 

60.0 

14.52 

0.03 

R 

3799.9 

2.0 

16.16 

0.05 

R 

1568.2 

60.0 

14.59 

0.03 

R 

3921.7 

2.0 

16.19 

0.05 

R 

1627.8 

60.0 

14.58 

0.03 

R 

4042.7 

2.0 

16.19 

0.05 

R 

1688.3 

60.0 

14.74 

0.03 

R 

4163.6 

2.0 

16.30 

0.06 

R 

1814.4 

60.0 

14.84 

0.03 

R 

4345.9 

4.0 

16.36 

0.05 

R 

1886.1 

60.0 

15.16 

0.09 

V 

4588.7 

4.0 

16.44 

0.05 

R 

1945.7 

60.0 

15.38 

0.04 

V 

4830.6 

4.0 

16.59 

0.06 

R 
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Table 7. Photomertric observations for GRB 110205A from Swift/ UVOT 


T-T 0 (s) 

Error (s) 

Count 

Error 

Filter 

T-T 0 (s) 

Error (s) 

Count 

Error 

Filter 

169.0 

5.0 

3.905 

0.890 

white 

24517.0 

149.9 

1.133 

0.130 

white 

179.0 

5.0 

2.807 

0.812 

white 

24734.3 

63.5 

1.037 

0.198 

white 

189.0 

5.0 

2.963 

0.840 

white 

35675.8 

149.9 

0.654 

0.122 

white 

199.0 

5.0 

3.326 

0.877 

white 

35979.3 

149.9 

0.653 

0.123 

white 

209.0 

5.0 

9.487 

1.203 

white 

36284.1 

149.9 

0.474 

0.089 

white 

219.0 

5.0 

7.664 

1.120 

white 

75564.8 

149.9 

0.234 

0.080 

white 

229.0 

5.0 

4.538 

0.939 

white 

75868.3 

149.9 

0.256 

0.081 

white 

239.0 

5.0 

4.255 

0.916 

white 

76171.9 

149.9 

0.316 

0.083 

white 

249.0 

5.0 

2.964 

0.845 

white 

87890.9 

92.9 

0.177 

0.099 

white 

259.0 

5.0 

2.689 

0.831 

white 

99845.1 

88.9 

0.085 

0.100 

white 

269.0 

5.0 

2.722 

0.829 

white 

110704.6 

322.4 

0.106 

0.052 

white 

279.0 

5.0 

2.633 

0.802 

white 

117007.3 

147.4 

0.008 

0.075 

white 

289.0 

5.0 

3.229 

0.858 

white 

122512.3 

237.9 

0.028 

0.059 

white 

299.0 

5.0 

3.095 

0.863 

white 

128037.7 

322.4 

0.097 

0.052 

white 

308.9 

4.9 

2.720 

0.826 

white 

133882.8 

299.9 

0.100 

0.054 

white 

611.8 

9.9 

20.129 

1.184 

white 

139643.2 

305.9 

0.034 

0.052 

white 

784.5 

9.9 

63.173 

2.257 

white 

145379.3 

319.4 

0.047 

0.051 

white 

950.3 

74.8 

88.866 

1.043 

white 

151192.4 

308.4 

0.167 

0.055 

white 

1190.9 

9.9 

95.569 

3.037 

white 

156929.3 

321.9 

0.038 

0.051 

white 

1365.9 

9.9 

78.130 

2.615 

white 

162706.6 

321.4 

0.041 

0.051 

white 

1538.4 

9.9 

64.515 

2.290 

white 

168487.5 

320.9 

0.042 

0.051 

white 

1711.7 

9.9 

52.993 

2.027 

white 

185834.0 

315.4 

0.006 

0.051 

white 

5166.4 

99.9 

10.865 

0.283 

white 

203156.9 

319.9 

0.088 

0.052 

white 

6602.8 

99.9 

7.511 

0.246 

white 

209526.6 

120.9 

0.019 

0.083 

white 

11906.7 

149.9 

2.834 

0.152 

white 

220477.0 

322.9 

0.022 

0.050 

white 

12210.4 

149.9 

2.752 

0.150 

white 

232055.5 

315.9 

0.042 

0.052 

white 

12513.8 

149.9 

2.755 

0.151 

white 

- 

- 

- 

- 

white 

150.5 

4.9 

1.107 

0.449 

V 

52773.8 

149.9 

0.077 

0.039 

V 

661.9 

9.9 

6.853 

0.643 

V 

53077.3 

149.9 

0.067 

0.038 

V 

834.2 

9.9 

13.718 

0.903 

V 

71192.4 

18.0 

0.069 

0.121 

V 


Table 7 — Continued 


T-T 0 (s) 

Error (s) 

Count 

Error 

Filter 

T-T 0 (s) 

Error (s) 

Count 

Error 

Filter 

1066.4 

9.9 

19.918 

1.096 

V 

80344.4 

149.9 

0.004 

0.035 

V 

1241.8 

9.9 

18.517 

1.053 

V 

80648.3 

149.9 

0.047 

0.037 

V 

1415.6 

9.9 

11.828 

0.837 

V 

111203.5 

169.5 

0.063 

0.036 

V 

1588.3 

9.9 

11.398 

0.820 

V 

122914.8 

158.1 

0.038 

0.035 

V 

1761.6 

9.9 

10.388 

0.788 

V 

128677.6 

310.6 

0.049 

0.026 

V 

5576.8 

99.9 

1.641 

0.115 

V 

134477.4 

288.0 

0.013 

0.026 

V 

7013.2 

99.9 

1.123 

0.101 

V 

157567.5 

309.5 

0.018 

0.025 

V 

16773.0 

149.9 

0.338 

0.051 

V 

163345.1 

309.6 

0.015 

0.024 

V 

17076.6 

149.9 

0.302 

0.050 

V 

169123.9 

308.7 

0.018 

0.025 

V 

17380.0 

149.9 

0.337 

0.051 

V 

192030.6 

102.3 

0.039 

0.045 

V 

41428.4 

149.9 

0.048 

0.037 

V 

203748.6 

264.3 

0.050 

0.028 

V 

41731.9 

149.9 

0.082 

0.039 

V 

221119.4 

312.7 

0.016 

0.024 

V 

42035.4 

149.9 

0.126 

0.041 

V 

232682.9 

304.9 

0.013 

0.025 

V 

52470.2 

149.9 

0.053 

0.037 

V 

- 

- 

- 

- 

V 

587.4 

9.9 

6.547 

0.659 

b 

75259.9 

149.9 

0.114 

0.050 

b 

760.2 

9.9 

20.774 

1.144 

b 

87035.9 

149.9 

0.116 

0.050 

b 

1164.5 

9.9 

33.987 

1.501 

b 

87339.4 

149.9 

0.052 

0.048 

b 

1341.7 

9.9 

28.043 

1.347 

b 

87642.9 

149.9 

0.034 

0.047 

b 

1514.1 

9.9 

21.021 

1.154 

b 

99662.9 

88.9 

0.012 

0.060 

b 

1686.7 

9.9 

18.354 

1.076 

b 

110054.4 

322.4 

0.075 

0.034 

b 

1860.6 

9.9 

15.713 

1.035 

b 

116707.9 

147.4 

0.024 

0.047 

b 

6397.2 

99.9 

2.714 

0.148 

b 

122031.6 

237.9 

0.098 

0.040 

b 

10993.9 

149.9 

0.958 

0.093 

b 

127387.6 

322.4 

0.051 

0.032 

b 

11297.6 

149.9 

1.020 

0.094 

b 

133277.3 

299.9 

0.056 

0.033 

b 

11601.7 

149.9 

1.102 

0.095 

b 

139026.1 

305.9 

0.038 

0.033 

b 

23604.9 

149.9 

0.332 

0.059 

b 

144734.8 

319.4 

0.059 

0.033 

b 

23908.6 

149.9 

0.405 

0.061 

b 

150570.4 

308.4 

0.026 

0.033 

b 

24212.1 

149.9 

0.359 

0.060 

b 

156280.2 

321.9 

0.057 

0.033 

b 

30146.5 

149.9 

0.265 

0.056 

b 

162058.5 

321.4 

0.047 

0.033 

b 

30449.9 

149.9 

0.308 

0.058 

b 

167840.3 

320.9 

0.019 

0.032 

b 


Table 7 — Continued 


T-T 0 (s) 

Error (s) 

Count 

Error 

Filter 

T-To (s) 

Error (s) 

Count 

Error 

Filter 

30676.6 

73.1 

0.192 

0.085 

b 

190956.6 

319.9 

0.086 

0.034 

b 

34763.7 

149.9 

0.194 

0.054 

b 

196608.1 

144.9 

0.009 

0.046 

b 

35067.2 

149.9 

0.063 

0.049 

b 

202511.7 

319.9 

0.003 

0.031 

b 

35370.8 

149.9 

0.167 

0.053 

b 

209280.3 

120.9 

0.045 

0.053 

b 

59136.9 

149.9 

0.053 

0.047 

b 

219825.9 

322.9 

0.006 

0.032 

b 

59440.3 

149.9 

0.106 

0.050 

b 

225640.3 

315.9 

0.040 

0.032 

b 

74652.2 

149.9 

0.012 

0.045 

b 

237196.2 

315.9 

0.008 

0.032 

b 

336.9 

15.0 

0.311 

0.170 

u 

65363.9 

68.7 

0.067 

0.055 

u 

366.9 

15.0 

0.263 

0.175 

u 

86123.4 

149.9 

0.047 

0.032 

u 

396.9 

15.0 

0.453 

0.187 

u 

86730.7 

149.9 

0.027 

0.031 

u 

426.9 

15.0 

0.843 

0.223 

u 

109403.9 

322.4 

0.029 

0.021 

u 

456.9 

15.0 

0.618 

0.199 

u 

114916.8 

56.3 

0.029 

0.051 

u 

486.9 

15.0 

1.113 

0.239 

u 

116407.8 

147.4 

0.031 

0.031 

u 

516.9 

15.0 

1.753 

0.288 

u 

126736.9 

322.4 

0.037 

0.021 

u 

546.9 

15.0 

2.956 

0.352 

u 

138408.5 

305.9 

0.002 

0.020 

u 

566.8 

4.9 

3.160 

0.632 

u 

144090.4 

319.4 

0.002 

0.020 

u 

735.3 

9.9 

12.198 

0.843 

u 

149947.9 

308.4 

0.030 

0.022 

u 

1140.4 

9.9 

21.735 

1.144 

u 

161409.7 

321.4 

0.028 

0.021 

u 

1315.2 

9.9 

18.643 

1.052 

u 

167193.0 

320.9 

0.003 

0.020 

u 

1489.0 

9.9 

15.334 

0.949 

u 

184561.2 

315.4 

0.047 

0.022 

u 

1661.8 

9.9 

13.044 

0.871 

u 

190310.9 

319.9 

0.029 

0.022 

u 

1835.9 

9.9 

11.387 

0.833 

u 

196145.9 

311.4 

0.003 

0.020 

u 

6192.1 

99.9 

1.905 

0.114 

u 

201865.8 

319.9 

0.009 

0.020 

u 

7590.9 

62.7 

1.557 

0.146 

u 

209033.6 

120.9 

0.008 

0.033 

u 

22692.2 

149.9 

0.340 

0.048 

u 

213551.4 

300.9 

0.009 

0.021 

u 

22995.8 

149.9 

0.251 

0.044 

u 

219174.3 

322.9 

0.033 

0.021 

u 

23299.6 

149.9 

0.267 

0.044 

u 

225002.7 

315.9 

0.004 

0.020 

u 

29233.0 

149.9 

0.174 

0.039 

u 

230780.7 

315.9 

0.029 

0.021 

u 

29536.8 

149.9 

0.163 

0.039 

u 

236558.5 

315.9 

0.017 

0.021 

u 

29841.2 

149.9 

0.101 

0.035 

u 

254513.9 

859.1 

0.005 

0.012 

u 
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T-T 0 (s) 

Error (s) 

Count 

Error 

Filter 

T-To (s) 

Error (s) 

Count 

Error 

Filter 

47582.1 

149.9 

0.080 

0.034 

u 

260333.6 

859.3 

0.018 

0.012 

u 

47885.6 

149.9 

0.095 

0.036 

u 

266093.7 

859.3 

0.012 

0.012 

u 

48069.1 

29.9 

0.277 

0.111 

u 

271853.7 

859.2 

0.030 

0.013 

u 

58224.4 

149.9 

0.068 

0.033 

u 

277673.7 

859.3 

0.022 

0.013 

u 

58527.9 

149.9 

0.063 

0.033 

u 

282893.6 

319.2 

0.002 

0.020 

u 

58831.6 

149.9 

0.112 

0.036 

u 

317849.0 

104.0 

0.027 

0.037 

u 

710.9 

9.9 

0.481 

0.174 

uvwl 

5987.1 

99.9 

0.110 

0.030 

uvwl 

1115.9 

9.9 

1.735 

0.309 

uvw 1 

7423.1 

99.9 

0.107 

0.031 

uvwl 

1290.9 

9.9 

0.869 

0.226 

uvwl 

18825.6 

383.8 

0.024 

0.011 

uvwl 

1464.7 

9.9 

0.452 

0.173 

uvw 1 

28626.8 

449.9 

0.013 

0.008 

uvwl 

1637.4 

9.9 

0.918 

0.235 

uvwl 

46975.9 

449.9 

0.007 

0.008 

uvwl 

1811.6 

9.9 

0.525 

0.183 

uvwl 

57618.1 

449.9 

0.010 

0.008 

uvwl 


